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PREFACE 


The working equipment of an engineer is like a maturing second- 
growth forest. In it a few hardwoods of tested scientific generalization 
overshadow and crowd out the more quickly growing empiricisms that 
preceded them, and dominate the surrounding thicket of uncorrelated 
fact. These hardwoods are the elements of his profession. 

Ore dressing, as presently defined and practiced, is the art of primary 
treatment of solid-mineral crudes to enhance their net value. Fifty 
years ago the crudes treated were almost exclusively metalliferous, and 
value enhancement was confined to physical concentration. Today the 
nonmetallic crudes treated exceed the metalliferous in yearly tonnage, 
particle-size change and control vie with concentration in importance, 
and chemical as well as physical treatments are regidar practices. 

This book is an attempt to select from ore-dressing facts those that 
are necessary for engineering thinking on the subject and to correlate 
them so far as possible as an aid to memorization; to present the 
empirical generalizations most commonly employed and to explore, for 
purposes of illustration, the ranges involved and the magnitudes of the 
safety factors that must be applied in use; finally, to present and ex¬ 
amine the theories that have proven their worth in design and in control 
of operations. 

The order of presentation of subject matter is the reverse of that 
usually followed in ore-dressing textbooks. Separation precedes sever¬ 
ance and the general accessory operations, because separation is the 
productive step in most mills, and production is a characteristic pre¬ 
occupation of most engineering students. With interest thus early 
aroused and sufficient variety of separating methods to maintain it, a 
background is laid against which the more or less costly preparatory, 
disposal, and control operations fall readily into proper perspective. 
During the three-term teaching cont inuum of the recent war years, when 
separation and severance were taught alternately in successive terms, 
the beginners who entered in the separation term almost consistently 
surpassed the others in interest, comprehension, and performance. A 
little reflection indicates why this is so. The beginner accepts crushed 
or ground material as familiar substance; when he sees it divide into 
streams of different kinds of materials it is easy to arouse interest in the 
mechanism of division. If, however, he starts off with crushing or 
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grinding as such, with no comprehension of what it is leading up to, his 
reaction is frequently and quite naturally, “So what?” 

Descriptions of machines and processes are a necessary part of a book 
of this character to assure that the minds of student and author meet. 
But details are important only to the extent that they contribute to 
understanding of functions. Hence, although the machine illustrations 
herein carry the usual detail in deference to the publisher’s scorn of my 
skill as a free-hand artist, it is hoped that instructors will translate them 
into simple diagrammatic sketches emphasizing function, thus presenting 
them in proper guise as elements. 

The elements of an art are never the symbolic formulations of an 
exact science. Yet because it is of the nature of engineers to try to 
arrange their knowledge in orderly fashion, the pages of engineering 
books abound in linear charts and equations. The present book is no 
exception. But I here warn, and urge instructors who may use the 
book to repeat many times and with emphasis, that the lines on most 
charts should be mentally painted in with a wide brush; that large 
safety factors should be applied to most equations, especially to those 
not in dimensional balance; and that the so-called constants in many of 
those that do balance dimensionally may easily be complex variables 
with dimensions of experience and judgment. 

Process effectiveness and economy of material, power, and labor are 
twin lodestars for the engineer. The extent of current achievement in 
these directions, in the form of performance numbers, is a part of the 
experience background upon which engineering judgment is based. 
Hence the recognition of the key numbers for his chosen profession and 
memorization of their current values are as much parts of the training 
of the engineering student as are the multiplication tables, the value of 
the gravitational constant and of atmospheric pressure, the densities 
of water and air, and the like. 

But unlike these constants, performance numbers do not and never 
will stand still. Unit-wise, the labor item has decreased and the items 
for power and supplies have increased more or less steadily ever since 
mechanization started. Normally an inverse relationship has existed 
between costs and technological efficiency. Now this relationship is 
entirely upset, owing to the accelerated socialization of industry, the 
concomitant inefficiency of labor, political tinkering with money, and 
the stifling burden of taxation. Consequently current performance 
numbers are useless as measures of technologic possibilities. In the 
hope, however, of an eventual return to sanity, significant numbers are 
given for the period before the harmful effects of recent political trends 
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on production had come into full play. These performance figures 
represent minima as of today, owing to technological advances during 
the war. The costs cited are correspondingly maxima from the stand¬ 
point of production potential; even so they should be multiplied by 
1.5 to 3 for 1950 actualities. 


Ore dressing may profitably be considered accelerated geodynamics. 
Prototypes of many of its important operations are found in nature’s 
shaping of the earth, and understanding of the harnessed technical process 
is often aided by study of the natural phenomenon. Hence the line of 
approach herein is, wherever possible, from the prototype through the 
development of mechanical acceleration and control. 

The school laboratory is the place to learn the elements of ore dressing. 
This by no means implies that the laboratory should ape the mill. 
Quite the contrary. The function of the mill is to integrate a number 
of individual operations into a unit treatment for making one or more 
valuable products. The purpose of laboratory study is to gain under¬ 
standing of the individual operations, invariably in themselves complex. 
The mental and experimental patterns involved in such studies are the 
same irrespective of the specific subject matters. They comprise suc¬ 
cessively breakdown of the operation into elementary parts, study of 
these parts separately under control conditions, explanation of the 
observed behaviors in terms of unit phenomena where this is possible, 
study of the coeffects of the various elements, and final formulation of 
the principles and methods of control of the entire coacting process or 
structure. Continuing drill in this procedure is probably the most 
important part of technical education. 

The laboratory-procedure instructions in the Appendix represent the 
present status of thirty-odd years’ attempts in the direction of such 
study. No one of the procedural groups has had its present form for 
more than a year or so, and none will survive in this form in any pro¬ 
gressive laboratory for a longer interval. Some of the groups arc much 
more instructive than others; in general those that depart farthest 
from the complexity of the entire machine or process are the best. 

No laboratory experiment should be considered complete until a 
report of analytical nature has been made upon it by the student. If 
the experiment has dealt with a complete machine or process — often 
a good introduction to the subject matter —the report should concern 
itself with an attempt to break down the operation into its elements. 
If a practical-minded student or instructor further seeks conclusions 


about, capacity and efficiency, these should be checked against mill 


performances and the reasons for the 


inevitable discrepancies argued. 
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Reports on experiments dealing with isolated parts of operations should 
aim toward explanation. Since independent explanation of physical 
and chemical phenomena as they are met outside the formalized pro¬ 
cedures of undergraduate laboratories is new to the usual beginning 
student in ore dressing, the method of attack is given in considerable 
detail in the Appendix. 

Reports serve the further end of giving a firmer initial memory set 
to the facts observed in the laboratory; they encourage reference to 
the literature for checks on observations and reasoning; and, if the 
instructor insists on prompt presentation, they emphasize the impor¬ 
tance of time-factor in human as well as in machine performances in 
engineering. 

Experience in self-teaching of new subject matters from textbooks 
has convinced me of the value of questions in the textbooks which 
enforce repetition of student consideration of the important parts of the 
textual material. For this reason lists of questions and problems calling 
for such review have been appended to each chapter. Those directly 
answerable on the basis of the text itself, and within the expectable 
capacity of the beginning student, are indicated by lack of special 
marking. Those for advanced students are denoted by a dagger (f). 

Grateful acknowledgment is hereby made to the men who, in the 
past, have labored with me in laboratory instruction and have con¬ 
tributed many ideas for student experiments, particularly to A. M. 
Gaudin, G. R. M. del Giudice, and M. D. Ilassialis. I owe a large 
general debt to the operators all over the world who, by their answers 
to questionnaires, made the Handbook of Ore Dressing and the Handbook 
of Mineral Dressing, and thus laid the basis for the performance sum¬ 
maries herein presented. Finally I owe a special debt to J. F. Myers 
for keeping me currently informed over a period of several years of the 
scientifically and commercially productive use of the Tennessee Copper 
Co. mills as a research laboratory. 

Arthur F. Taggart 

School of Mines, Columbia University 

New 1 'ork 

November 9 1D50 



FOREWORD TO STUDENTS 


The first paragraph of the preface defined generally the word “ele¬ 
ments” as applied to a technology. More specifically these elements 
are, for any given technologist, an unconscious digest of his own ex¬ 
perience. Each of them is capable of more or less greatly detailed 
expansion, according to the extent of factual knowledge underlying it. 
But if it is accurately phrased, it comprehends the entire knowledge of 
any given person concerning the subject and serves him for mental 
reference to a greater or less degree according to the extent of liis knowl¬ 
edge of the underlying detail at the time of application. 

One statement of such elements, around which the text of this book 
is built, follows. It was compiled in consultation with a number of 
practicing engineers. It is recommended to the student for careful 
reading, no more, on first meeting. But he should consult it frequently 
during his study to measure his advance in understanding of the im¬ 
plications of its paragraphs. His ultimate aim should be to digest the 
groundwork so thoroughly that in the end he can tear out the page of 
principles and throw the book away. When he can justifiably do this, 
he can let the page go with the book. 

1. The essential operations of ore dressing are severance and sepa¬ 
ration. Either may be the entire treatment in a particular case. Nor¬ 
mally both are employed, in the order named. 


2. Severance should be carried only to such an extent as will pro¬ 
duce the maximum economic yield on the entire dressing operation. 

3. The method of severance should be fitted to the character of the 
crude. Most severance is by mechanical comminution, selective or 
nonselective. Change of state may be employed advantageously when 
one of the constituents differs markedly from the others in melting point, 
vapor pressure, or solubility in dilute aqueous solutions. 

4. Efficient noiiselect ive mechanical comminution involves loading 
particles to the breaking point by methods which, differing according 
to the size of the particle, apply the load in such a way that the re¬ 
sistance of the particle to failure is a minimum, the machine has the 
greatest mechanical advantage, presentation of the particle to the load 
is most positive and certain, metal wear is a minimum, and egress of 
finished material from the breaking zone is most rapid and effective. 

5. Selective comminution requires employment of machines other 
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than those used in nonselective work, or a change in mode of operation 
of the customary machines. It opens the way to simple separations. 

6. Comminution is expensive from the standpoints of first cost, 
power consumption, labor, and maintenance. Costs rise exponentially 
with increase in fineness of product. 

7. Separation invariably involves causing different species in a mix¬ 
ture to travel in different directions away from some point at which 
they are equally spatially available for action by some force or com¬ 
bination of forces. 

8. All separations in ore dressing result in concentration in the 
separated products of material with a particular common property. 

9. Concentration is practiced for the purpose of producing an 
economic maximum of profitably salable product at an overall minimum 
cost. 

10. Separations are based on difference in size, in state, or in various 
physical or chemical properties of solid minerals, and the separating 
forces that can be brought to bear on them are wholly dependent on 
these differences. 

11. Separation by size is made on perforate surfaces, or by differences 
in response of particles mechanically supported to the drag of streaming 
fluid, or by differences in rate of penetration through resistant fluid 
under the impulse of forces that act at a distance. 

12. Separation by difference in state depends upon utilization of the 
difference in mobility and density characteristic of the three different 
states of matter. 

13. Separation by difference in specific gravity depends upon dif¬ 
ferential particle movement in a resistant medium under the influence 
of gravitational or inertial forces. Gi'avity concentration, in con¬ 
tradistinction, comprises sizing and sorting as sequential steps; either 
may be first. Commonly familiar geological processes rank high as 
teachers of its potentialities. 

14. Separation by reason of electrical properties depends upon dif¬ 
ferential responses of moving particles in a gravitational field to the 
action of a magnetic or electrical field. 

15. Separation by differences in wettability by immiscible fluids 
depends upon the tendency of a solid to remain wholly in the liquid 
that wets it the more readily, or to pass into the interface between the 
two fluids, where it tends to be held by surface-tension forces. 

16. Separation based on optical differences may be effected by 
muscular force in response to sensory stimulus, or by mechanical force 
electronically stimulated. 

17. Separation based on shape differences alone depends upon solid 
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friction, fluid resistance, or gravitational-mechanical orientation. Other¬ 
wise shape becomes a secondary selective factor in a separation that is 
primarily dependent on forces brought into play by another physical 
property (e.g., size or appearance). 

18. Separations based on differences in chemical properties utilize 
these differences to change one species of particle in such a way as to 
cause it to respond selectively to separating forces based on a physical 
property, e.g., solution, melting, crystallization, or vaporization, to 
enable selection on the basis of difference in state (12); or surface change 
to bring about preferential wetting (15) or response to electrical forces 
(14). 

19. Only one optimal product can be made in a single stage of a 
concentrating operation. 

20. All commercial separating processes are statistical approxima¬ 
tions; absolute separation is not commercially possible. 

21. The properties of locked middling range from those of pure 
valuable mineral to those of pure gangue. This hinders separation by 
shortening the working gap but aids it by physically crowding the 
products apart as they leave the separating zone. 

22. The two or more products of the primary separation frequently 
require more or less costly further treatment or handling before final 
disposal, e.g., drying; smelting. 

23. Continuous machines are essential to economic ore dressing. 
Change from batch to continuous operation is essentially an exchange 
of time for space. 

24. A mill is no better than the weakest link in the chain of pulp 
transport. 

25. Steadiness of feed, as to both quality and quantity, is a pre¬ 
requisite to efficient operation of machines. 

20. Dependable efficiency determinations, consistently and frequently 
made, are a sine qua non of economical mill operation. There are no 
such measures of severance, which is probably why so much is said and 
so little done about it. Separating efficiencies for particular ores are 
obtainable from assays of feed and products, but they have no validity 
for comparison with other ores and operations. The relation between 
the assured profit in the concentrate cars and the potential money in 
the tail race is the only true measure of efficiency in a particular mill. 
A useful comparative measure of efficiency as an economic venture is 
the ratio of net return to the mean net return on the particular class of 


operation, 

operations 

efficiencies 


when all the variables are equalized. Costs of individual 
and overall costs are not reliable measures of comparative 
its between mills or machines operating on different ores and 
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in different localities; this is a restricted negative statement of the 
thought of the preceding sentence. 

27. The spread between cost of production and value of product is 
the determiner of competitive position. 

28. The principal items of operating cost are labor, power, consumed 
supplies, and maintenance. The first two normally account for up¬ 
wards of 55% of the total. (See also item 34.) 

29. An ore dressing mill is essentially a manufacturing plant in which 
a crude mineral mixture is rendered into one or more salable products 
and, usually, a waste. Its location is properly a compromise between 
estimated construction and operating costs for transport of crude and 
in-process materials; delivery of products to market and to a suitable 
waste-disposal site; supply of water and other materials essential in 
mill operations; and availability of suitably skilled labor. 

30. 1 he space around a machine in a mill vies with the machine itself 
in importance in operation and maintenance. 

31. The necessity for human control of machines and processes should 
be reduced to a minimum. 

32. Convenient and comfortable working conditions reduce labor costs. 

33. The choice of a method of treatment for any ore is arrived at by 
balancing the metallurgical effectiveness of various concentrating 
processes and their concomitant monetary returns against the costs of 
applying them to the ore. 

34. A new machine or process or a major rearrangement of mill flow 
must pay its way in increased returns or decreased costs. The time 
during which return of new principal must pay off is, as a limit., the 
expected life of the mine. Shorter times may be dictated by the earning 
capacity of money in other fields available for its investment, or by 
technical activity in the field of the change. Amortization is a part of 
the cost of production. 

35. The engineer should be ever alert, to developments in his own 
and other fields that foreshadow change in the competitive position of 
his plant. On speculation he should carry out such preliminary in¬ 
vest igations as will permit quick action, if change becomes desirable. 
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Chapter 1 

WHAT ORE DRESSING IS AND DOES 


The commercially valuable metals and minerals in the earth are rarely 
found in the forms and degrees of purity that, ultimate users demand. 
Almost without exception they are intimately mixed, physically or 
chemically and often both, with other substances valueless in the 
circumstances. For use the good must be separated from the worthless 
stuff, physically if possible, chemically when necessary. 

A crude rock with a content of valuable mineral sufficient to warrant 
commercial exploitation is called ore. The sum total of the treatments 


to which ores are subjected in order to separate and discard their worth¬ 
less fractions by essentially physical means is called ore dressing. 

An ore is a disappointment to most people, whose concept of it is 
based on the romantic tales of adventure fiction. Even the worldly- 
wise college junior, after conditioning by experience with the specimen 
rock of the mineralogy laboratory, expects appreciable glitter in the stuff 
that the miner produces. Hut, with a few notable exceptions, most ores 
look to the uninitiated like any other rock, and they differ from it only 
in their vital content—usually small in bulk—of money-making mineral. 

Since profit, a human product, is a necessary attribute of an ore, it is 
not surprising that man is a cocreator with nature in making ores—and 
in unmaking them. In the early days of gold mining in California only 
the rich placers favorably located, i.c., in and along streams with 
relatively steep gradients to carry away waste, could be worked profit¬ 
ably. Then a method was invented by which gravel beds lying far 
above available water levels could be washed down by means of 
monitors—gigantic developments of the fire-fighting nozzle—and the 
gold recovered from them at an overall cost of 2c to 3c per cubic yard. 
Thereupon literal mountains of such gravels, carrying as little as 
to 10^ per cubic yard, immediately became gold ores and contributed 
hundreds of millions of dollars to the wealth of California. Then the 
politicians stepped in, and laws were passed forbidding dumping of the 
refuse gravel into the streams. Hut such cheap disposal was a 


sine qua non of the operation, so it ceased perforce, and the remaining 
gold-bearing gravel mountains, ore for a time, were just plain rock again. 

More recently other politicians attempted to demonstrate that they 
could make as well as unmake gold ores. Their procedure was to raise 
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the price of gold from $20.67 per ounce to $35.00 per ounce. The gold 
miners loved it, of course, because rock containing too little gold to mine 
at the standard price immediately became good ore. For the little 
while, until prices of labor and supplies caught up with the debased 
dollar, their low-grade rock remained ore. Now it no longer is, and the 
miners have joined all the savings-bank, savings-bond, and insurance- 
policy holders in the country in paying for the politicians’ spree. 

Whereas the miner was principally responsible for making ore of the 
low-grade California gravels by discovering ways to mine them that are 
both cheap and at the same time have a tailing-disposal potential, and 
political ore making is fairly characterized by the example given, the 
millman has been in the ore-making business successfully since that 
never-never time when the memory of man runneth not to the contrary. 
His most recent spectacular performance dealt with the so-called 
complex ores of which the Rocky Mountain region of the United States 
contained the largest known deposits. The potential values were 
primarily lead and zinc sulphides, so finely intergrown that as of 1920 
there was no known way of recovering either of them economically, and 
the world’s lead supply was running critically short with millions of tons 
of this rock known and extensively explored. Then Sheridan and 
Griswold of Butte, Montana, discovered that the then-infant froth- 
flotation process was capable of separating the lead from the zinc, and 
the zinc from the iron, and later workers have found that the same 
process will separate copper from all three of the others. Thus an 
important part of the ores that carried us through World War II were 
made. 

The successive major operations in the exploitation of an ore deposit 
are: excavation of the ore; dressing, usually at a point near the mine; 
and chemical purification or some kind of physical conditioning of the 
residue into forms salable to consumers. For metallic ores the third 
step commonly involves smelting, followed in the case of some metals 
by further refining through the medium of solution and reprecipitation. 
W iih nonmetallic materials the final step may be simply grading as to 
size, with or without attendant comminution, or it may involve more 
or less profound physical and chemical purification or change. 

The economic significance of dressing cannot be better made apparent 
than by analysis of the balance between production costs and the returns 
from a typical metallic ore, handled on the one hand with and on the 
other without a dressing step. 

Consider a simple lead ore composed of galena finely disseminated in limestone 
gangue. The lead assay is 5%. Recovery of metallic lead requires smelting, the 
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cost of which is directly proportional to the tonnage smelted and to the quantity 
and kinds of fluxes required. Without a dressing step roughly 1,875 lb. of limestone 
per ton of ore must be fluxed in order to recover the lead. By dressing it is possible 
to reduce the bulk to be smelted per ton of original ore to between 115 and 125 lb. 
Approximately 5 lb. of lead per ton of ore is lost in the dressing operation. Approxi¬ 
mately 3% of the lead in the furnace charge will be booked as lost in the smelting 
operation in either case. Without going into the complexities of smelter contracts 
at this point, Table 1 gives a fair picture of charges and returns with and without 
the dressing step. 

Table 1. Economic basis for ore dressing 
Direct Smelting 

Basis: 100 tons 5% lead ore. 

Expendit ures 

Mining, 100 tons at $2 per ton 
Freight, mine to smelter, 100 tons at S3 
Smelting, 100 tons at S6 

Receipts 

100 tons of ore contain 10,000 lb. of lead. The smelter will 
recover about 97% of this, or 9,700 lb. It will pay, how¬ 
ever, on the usual published schedule, for only 97% of 
7,000, or 6,790 lb. It will further usually deduct 1.5ff per 
lb. from the current market quotation for lead and then 
pay 90% of the remainder. On a quotation of 7* per lb. 
payment would, therefore, be 0.90(7 — 1.5) or 4.95* per 
lb. For 6,790 lb. the total payment would be 

Deficit 


S200.00 

300.00 

600.00 

SI, 100.00 


327.10 

S772.90 


Concentration and Smelting 


Expenditures 

Mining, 100 tons at $2 per ton $200.00 

Dressing, 100 tons at $0.75 75.00 

Freight, 6 tons at $6 36.00 

Smelting, 0 tons at So 30.00 


Returns 

The 6 tons of concentrate obtained by dressing will con¬ 
tain 95% of the lead in the 100 tons of ore, or 9,500 lb. 
The assay will be 79% Pb. The smelter will deduct 
1-5% from the assay ami pay for 97% of 0.775 (12,000) or 
9,000 lb. at 4.95*. 

Profit 

Increase owing to dressing: S876.90 


$341.00 


$445.00 

$104.00 


Separation of the valuable from the worthless constituents of an ore 
is brought about by applying to the individual particles forces that differ 
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in magnitude and/or direction. This difference is made possible by 
differences in physical and chemical properties of minerals. 

The lustrous blue-gray sheen of galena makes it easy for even the 
unskilled to pick lump galena by hand from a pile of the usual light- 
colored nonlustrous rocky minerals with which it occurs. This is 
undoubtedly the most ancient form of dressing, dating back beyond 
written record. Here differences in optical properties of the minerals, 
acting through human intelligence, bring about muscular forces that 
act differently in direction and magnitude on the different kinds of 
fragments. The relative heaviness of the galena aids in the identification. 

This relative heaviness of galena means simply that the gravitational 
force acting upon a galena fragment is greater than that acting upon an 
equal volume of most other minerals. If, therefore, substantially equal 
forces acting at any sensible angle to the gravitational force are brought 
to bear simultaneously on adjacent pieces of about the same size of 
galena and a lighter mineral, the resultant forces on the two particles 
differ in magnitude and direction. If the particles are free to move, 
they move in different directions and so become separated. This is the 
basis of a considerable group of processes called collectively gravity 
concentration. 

Galena differs from its usual associates in the fact that it contains lead. 
Owing to this, it is possible to produce conditions in a mixed suspension 
of fine galena and the other minerals in water such that air bubbles will 
stick to the galena particles like little balloons and will not stick to the 
other particles. As a result the buoyancy of the balloons with their 
loads exceeds the gravitational force to give an upward resultant, and 
the galena floats while the unmodified particles sink. This is called 
flotation. It is applicable whenever marked chemical differences 
prevail between two minerals or mineral classes. 

Magnetite is the lodestone of the ancients, a permanent magnet itself. 
Its usual associates are relatively unaffected by a magnetic field. Hence 
in such a field directed at an angle to the gravitational field the resultant 
force on a magnetite particle is different from that acting on nonmagnetic 
associates, and the two kinds of particles move in different directions 
and are thus separated. 

Most concretionary minerals differ materially in size from the matrix 
minerals occurring with them. In a gravitational field the supporting 
force of a screen can be brought to bear on the larger particles, whereas 
for the smaller the support fails at the holes. The resultant, therefore, 
is along the screen surface for the larger particles and through the holes 
for the smaller, and the corresponding motions bring about separation. 

Diamonds in water stick to grease. Most of the minerals with which 
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diamonds are found do not. Hence, when a mixture of diamonds and 
the other minerals is flowed in water across a sloping table coated with 
a stiff grease, the diamonds are held against the force of the water by 
the adhesive force of the grease, whereas the push of the water prevails 
on the other minerals. A similar action occurs when gold and its 
associated minerals are flowed in water across a sloping copper or silver 
plate coated with mercury. The gold adheres to the plate, while the 
other minerals flow on. 

Differences in electrical conductivity, of hardness, toughness, and 
brittleness, of physical behavior on heating, relative wettability by 
different fluids, and natural particle shape are also bases of separating 
methods. 


A mineral-separating machine is one in which a process utilizing 
one or more of the aforementioned differences among minerals is carried 
out. Its essential part is, of course, the separating zone, in which each 
individual particle of the mixture should be free to move in the direction 
of the resultant of the separating forces acting on it. The activating 
element in the separating zone is a means for exerting a selective force 
on one species of particle in the mixture. Kssential accessories are 
transport means to carry the feed into the separating zone, and other 
transport means to carry the products to separate discharge points. 
These four elements are common to all separating machines. Special 
additional accessories are found in some. 


Reflection will make it apparent that in order for a separating machine 
to function the particles of minerals of different kinds must be free to 
move relatively to each other. This is not normally the case in ores as 
mint'd. There is in the run-of-mine product a certain amount of very 
fine material which, if examined under the microscope, will be seen to 
consist of fragments that are mineralogically homogeneous. Rut most 
or all of the larger particles are mineral mixtures, and their bonding 
must be severed before they can be separated. Thus severance must 
invariably precede separation. 

Severance is brought about by breaking tin; ore down into particles 
which are approximately the* same, upper or limiting size as the grains 
of mineral one wants to separate. And just as there are several different 
ways of applying the necessary force's in separation, so there is a varietv 

A 

of ways for applying breaking forces. At one end are the machines in 
which the energy input is transformed into a very powerful force acting 
through a small distance on one large particle at a time, or at most on a 
small number of such part icles. At the other end are machines in which 
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MINE 


Transport means (1) 
Tallying device (2) 

Rate —equalizing device 
Feeder (4) 

Primary crusher (5) 
Transport means (6) 


(3) 


Secondary crusher (7) 
Elevating conveyor (8) 
Screen (9) 


( + ) 

Chut e (10) 


< T ) 

Conveyor ( 11 ) 

Sampler (12) 

Storage bins (13) 

Feeders (14) 

Transport; w eighing; sampling (15) 
Grinding mills (16) 
Launder (17) 


r 


Classifiers (18) 


Slime overflow 
I 


i 


<h-- 


, Sand (19) 

Launder (distributor) (20) *___ 


Rough concentration (21) 


Rough concentrate (24) 
Cleaner (25) 


Tailing 

Sampler (22) 
Sampler (22a) 

Tailing disposal (23) 


Middling (26) 
(27) | 


Concentrate 
Dewatering (28) 


r 


Moist concentrate (30) Water (29) 
Sampling and weighing (31) 

Transport (32) 

Smelter (33) 


FlO. 1. A typical flowsheet for a copper ore. 



Legend for Fig. 1 


1. Cars, trucks, trains, or other suitable means to bridge the distance between mine 
and mill. This may be less than 100 ft.; it seldom exceeds 100 mi. 

2. Track scales or anything less elaborate down to a simple tally sheet of trucks or cars. 

3. Any device that permits control of the flow rate; a bin or hopper, a parking yard 
for trucks, storage tracks for cars, etc. 

4. A man-controlled device for regulating the immediate flow to the primary crusher. 

5. The first step in the process of severance. Capable of receiving the largest lumps 
of rock from the mine and breaking them to about limiting one-quarter size. 

6. A chute or some type of endless-band conveyor. 

7. The second step in severance. A machine capable of taking the largest lump of 
rock from the primary crusher. In many cases this crusher can break to a size sufficiently 
small for the grinding mills (16). If not, a tertiary crusher would follow immediately. 

8. A band-type conveyor with sufficient lift to feed screen (9) and permit gravity 
return of screen oversize to the preceding crusher. 

9. The purpose of this screen is to insure that all the crushing-plant product is of the 
fineness prescribed for the grinding mills. 

10. A sloping trough through which material flows by gravity. The plus sign indicates 
oversize of the screen. 

11. A belt conveyor. See Chap. 23. 

12. Usually an automatic device which takes a sample of any desired weight from the 
main stream of crushed ore. This sample is the basis of determination of the moisture 
content and assay of the plant feed. 

13. This bin is an equalizer between intermittent operation of any or all of the pre¬ 
ceding steps, including mining, and continuous operation of the following part of the 
plant. It also serves in many cases as a distributor or splitter of the ore stream into a 
plurality of branches. 

14. Usually one for each grinding mill. 

15. Transport and weighing are normally combined by means of an automatic scale 
on a band conveyor. Sampling is done at this point for the purpose of yielding knowledge 
of the individual performances on the parallel streams that are often run from this point 
to items 23 and 28. 

16. Usually tumbling mills. See Chap. 22. Water added here. 

17. A sloping trough similar to a chute but smaller in cross-section and on a flatter 
slope because of the water present. 

18. Essentially a sizing device. Inserted here to insure a predetermined limiting size 
of feed to item 21 and return oversize for further grinding. 

19. No elevating device needed for this product because of sand elevation in the normal 
operation of the classifier. 

20. A distributor may be needed here to subdivide the pulp stream to a plurality of 
items 21 operating in parallel. 

21. It is a truism of concent ration which cannot be too soon learned that high-grade 
concentrate and low-grade tailing cannot be made in the same separating zone on a 
natural ore. Heine the first step is usually to discard a low-grade tailing, as here. 

22. This sampler, usually automatic, supplies the sample for one only of parallel oper¬ 
ations 21 . 


22a. This sampler cuts the combined stream from all parallel operations 21. 

23. The method varies in detail, but in substantially all rases except in uninhabited 
desert involves impounding and clarification of water before discharge—a duty imposed 
by law. 

24. Assay usually only 50 to 75'; of the desired degree of purity. 

25. Here, in one or in several operations in series, a final high-grade concentrate is made. 


26. This product usually contains particles comprising both valuable mineral and waste 
rock, as well as particles of pure? mineral and of pure waste. If the mixed particles are an 


important fraction, it is returned to the grinding circuit via item 18; otherwise it follows 
the dotted line to 21. 

27. Pump. 

28. Usually a settler and a filter in series. 

29. Normally returned for use at 10. 

30. Normally 0 to lO ; water. Whether it is further dried depends upon the distance 
to the srnelter. 

31. To furnish data on plant performance and to serve as a check on srnelter returns 

32. Nature depends on the locations of plant and srnelter. 

33. Usually a separate business c.-tabli-dimerit serving many shippers. 


7 
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the input energy is distributed to hundreds or thousands of small crush¬ 
ing bodies moving randomly in substantial contact. Small ore particles 
distributed among these bodies are broken smaller by the hammering, 
pinching, and rubbing within the mass. 

In addition to the machines for severance and separation there must be 
apparatus in every ore-dressing plant to transport the ore from one 
machine to the next. This consists normally of open inclined troughs 
through which gravity, with or without the aid of a water stream, causes 
the mass to flow; or of closed pipes through which fine material is 
pumped while more or less suspended in water or air; or of endless 
moving bands on the upper surface of which the material lies while being 
carried from point to point. Often also bins and tanks are provided in 
the path of the moving stream. These serve as enlargements in the cross- 
section of the stream and so slow down the flow to accommodate changes 
in treatment rates. 

One or more of each of the foregoing types of apparatus in suitable 
sequence, with ore flowing through them continuously in streams 
that branch like the delta of a river and finally discharge as one or 
more valuable products and waste, constitute in their entirety an 
ore-dressing mill. I he schematic pattern of arrangement of these 
machines with the flow lines connecting them is the flowsheet of the 
plant. A flowsheet of a typical plant for treating a copper ore is shown 
in Fig. 1 (p. G). 

The performance of a mill, or of any machine in a mill that effects a 
separation, is expressed in terms of numbers denoting quality, and of 
other numbers, determined and derived, denoting quantity. The 
quality numbers (assays) denote percentage content of some component, 
say a metal, or moisture, or particles of a particular size. The deter¬ 
mined quantity numbers are usually weights. The derived numbers are 
latios ol selected weights and assays. Two of the most widely used are 
recovery and ratio of concentration. 

Recovery ( It) is defined as the ratio of the weight of a desired compo¬ 
nent in concentrate from a given separating operation to the weight 
of the same component in the feed to the same operation. Ratio of 
concentration (A') is defined as the number of units of weight of feed 
from which one unit weight of concentrate is produced. 

By definition, 
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where F, C, and T are weights of feed, concentrate, and tailing, respec¬ 
tively, and/, c, and t are corresponding assays: 



Also, if concentrate and tailing are the only products made, the material 
balances are 


and 


F = C + T 
Ff = Cc + Tt 


(3) 

(4) 


Multiplying (3) through by t and subtracting the resulting equation 
from (4) gives 

F(f - t) = C(c - 0 (5) 


Inserting the value of C/F from (5) in (1) gives 



c(f ~ 0 

f(c — t) 



and substituting the value of F/C from (5) in (2) gives 




Review questions 

1. Define: ore; ore dressing; complex ore; monitor; direct smelting; placer; 
exploration; smelting; fine dissemination; flux; severance; flowsheet; chute; 
launder; middling; recovery; ratio of concentration. 

2. Discuss the significance of human activity in the designation of a rock as ore. 

3. Has ore a characteristic appearance? 

4. Upon what do methods of mineral separation depend? 

5. What are the parts of a mineral-separating machine? 

6. What is the purpose of severance in ore dressing? 

7. How do methods of severance vary with the size of particles to be broken? 

8. What are the methods of transport, used in mills? 

9. What is the function of a bin in mill transport? What other purpose does it 
serve? 

10. What Ls the purpose? of the sequence of comminuting machines in Fig. 1? 

11. What is the purpose of the sequence of concentrators in Fig. 1? 

12. What Ls the general nature of tailing disposal? 

13. What is the purpose? of sampling? 

14. Develop the expressions for recovery and ratio of concent ration in t erms of 
assays. 

15. What are the* chemical formulas for galena; clmlrorite; chalcopyrite; limestone? 

16. Se?t up a balance sheet for direct smelting vs. concentration and smelting for 
a finely disseminat e*d copper ore? available in large? tonnage. The* ore is assumed to 
be highly siliceous and to contain 2% copper in the form of chalcoeite and chal- 
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copyrite. It can be mined at 50*5 per ton and milled at 35*5 per ton if a high daily 
tonnage (25,000) is treated. The supply of concentrate is large enough to justify 
building a smelter near the mine (assume 2 mi.). Assume smelter charge of S8 per 
ton for crude ore and S2.50 per ton for the high-grade concentrate that can be pro¬ 
duced. Concentrate will assay 30% Cu when making 95% recovery. Freight 
from mine to smelter on crude ore will cost 2jf per ton-mile and on concentrate 4*5 per 
ton-mile. The smelter will pay on the following basis: A deduction of 15 lb. per 
ton of copper-bearing material will be made for smelting loss. The remaining metal 
in the charge will be paid for at 2.5*5 per lb. off New York price for electrolytic copper 
(see current issue of Eng. and Min. Jour, or one of the chemical journals for this 
quotation), less a flat deduction of 10% against the value of the metal thus computed. 

no*/' If thC feCd t0 a concentratin K operation assays 2% Pb, the tailing assays 
0.2 / Q Pb, and the recovery is 90.243%, how many tons of feed are required to make 
1 ton of concentrate and what will the concentrate assay? 
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Chapter 2 

HAND PICKING 


Hand picking, or sorting, is a crude method of concentration, applied 
to the fraction of an ore coarser generally than 1.5-in. and ranging up to 
a maximum of about 18-in. It has either or both of two purposes: to 
remove an enriched fraction for direct smelting with a recovery of con¬ 
tained value greater than could be attained at an equivalent cost by 
subsequent milling, or to discard waste at a smaller overall cost than 
could be done later by further treatment. 

The essential structural features of an efficient picking process are 


continuous presentation of a moving stream of feed to the pickers under 
such conditions that individual particles are readily visible and recog¬ 
nizable, and provision of convenient facilities for disposal of selected 
particles. The feed stream may slide along a sloped or eccentrically 
shaken surface, or may rest- on a moving surface. 

The separating zone is that length along the moving stream where the 
pickers are stationed. Stations tor individual pickers should be at least 
5 or 0 ft. apart along the stream both to provide unobstructed vision of 
approaching particles and to afford space for a picker to tollow a selected 
particle for a short distance without interference with the operator 
beyond. When operators work on one side of the stream only, the 
stream width should not exceed 24 in.; when working both sides, the 
limit is 3G to 48 in. 

The motion imparted by a picker to a selected particle is essentially 
at right angles to the main stream. J he* motion of the picker should be 
as nearly as possible a single one for each particle selected and should 
need eye direction only until the particle is grasped. This requires 
that a space of generous size be provided as near as possible to the point 
of selection of the particle, in a position that favors the picker’s master 
hand, to which he can transfer the particle with a minimum of muscular 
effort and without looking. Such spaces are usually open chute mouths 
alongside or opposite 1 he picker, or moving suriaces parallel to and above 
or below the main stream. 

Selection depends primarily upon those optical properties of the 
particles that determine color and luster. It is necessai y for efficient 
operation, therefore, that differences in these characteristics be accented 
as much as possible. To achieve* this the feed should be washed free of 
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adhering mud and dust; the feed stream should not be more than one 
particle deep, nor should the range in particle size be so great that the 
larger can hide the smaller. The separating zone should be illuminated 
by light of constant intensity and actinic character so placed as to 
eliminate glare toward the operator. The actinic character should be 
such as to intensify optical differences. The rate of travel through the 
separating zone should be slow enough to permit reasonable reconsidera¬ 
tion of doubtful cases; 30 to 40 f.p.m. is average. 

Endeavor in design should be to reduce nerve and muscle strain of 
operators to the minimum consistent with relatively complete removal 
of the selected fraction. Determination of the best conditions for a given 
ore is always a matter of experiment. The extent of the separating zone 
provided should be great enough to accommodate properly the maximum 
number of operators that can reasonably be foreseen. Under such 
optimum circumstances the tonnage that can be picked depends pri¬ 
marily on operator willingness and thereafter on particle size, specific 
gravity, plentifulness of supply, and ease of decision. 


Performance data arc conflicting, but it is probable that tonnage picked 
with a plentiful supply increases with a power of the particle diameter 
between two and three. 1 he more fundamental performance figure, 
however, is the number of particles that can be picked out per person 
per unit of time. This ranges from 1 to 10 per min. under normal 
operation. The number varies roughly hyperbolically to the particle 
size, because decision is more difficult with the large particles and they 
move more slowly under the muscular force available. 

Desirable operator characteristics are good eyesight, alertness, and 
muscular dexterity. Upper-teen-age boys and young to middle-aged 
women make the best pickers. High wages and legal and labor-union 
restrictions make picking almost prohibitive in the United States. In 
the few mills where it is practiced, it is as much made work for company 
pensioners as good technology. 

Tons picked per hour per picker ranged from 0.15 to 11.2 for 13 
operations; the distribution was G less than 1 t.p.h., 5 in the range from 
1 to 5 t.p.h., and 2 greater than 5. The higher rates corresponded, in 
general, to the picking of waste from low-grade ores at sizes coarser than 
4-in. Averages of the upper and lower sizes of the particles picked ranged 
from 1.8 to 10.5-in., with 5 in the range below 4-in., G in the range from 
4 to 10-in., and 2 greater than 10-in. 

Costs on the basis of the performance figures cited would range from 
10ff to $0.75 per ton of material picked with $8 labor. 


\\ het.her the operation is economical depends upon the savings 
effected. These may be determined as follows: 
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Case 1. Picking shipping concentrate and milling residue. 


R.o.m. (/’,/) 

Picking 

|- 1 ^ 

Shipping Residue ( M , in) CD 

concentrate (P, p) | 

Milling 

i-- !. 

Mill concentrate (C r , c) Mill tailing (T, t) 

vs. 

R.o.m. (F,/) 

Milling ® 

I I 

Mill Mill tailing 

concentrate (C, c) ( T , t) 

V = value in dollars per unit in product denoted by subscript. 

X = cost of treatment in dollars per ton of subscript material. 


I = net return from sale of subscript product. 

Ip = PpVp - PXp O) 

I M = C'cVc - MXm (2) 

/ x = Ip I,\t = PpVp — PXp C cl c jMXm (3) 

1 2 = CcVc - FXp (4) 


Assuming assay of mill concentrate and tailing the same in both milling 
operations. 


Cm -2 = gain by Process 1 



X p) cVc(P' — C) — j\1Xm + FXp (5) 


J7i- 2 = gain per ton of feed by Process 1 

G P .. /C C'\ M i tt 

= “ = J (pVr - Xr) - cVc - T?) - y X " + x 


But, by Eq. 5, Chap. 1, and by analogy therewith 


C = f - t P / - m M 

F c — L ’ F p — m ’ F 


P 

F 


!-■ and 
p — m 




771 — t 

c — t 
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whence 


<?_ _ M m - t 
F F 


V — f m — t 


c — t p — m c — t 
Substituting these values into Eq. 6 and rearranging gives 

91-2 = X P + ~ ~ (P -/)X: 

V — m 

- cVc f 'f r 1 _ (P ~ f) (m - t ) 

Lc - t ( P - 


(p ~ m)(c 


^21 
- o J 


Case 2. Picking waste and milling residue. 
R.o.m. ( F , /) 


Picking 


Waste (IV, w) Residue (M, m ) 


r 


Milling 


1 


■ 

Concentrate (C, c) Milling tailing (T, t) 

Gz -2 = I 3 — I 2 
Loss by picking in Process 3 is 

L 3 = 1 V(w - t)V c + WX w 

Im .3 = C'cVc - MX Afi3 

13 = Im .3 ~L 3 = C'cVc - MX „,3 - fVUw - t)V c + X,y) 
From Eqs. 8 and 4 

G 3 . 2 = FX„ - cVc (C - O') - MX «.3 - W[Cw _ 0Vc + Xw] 

+ ~ A 

< 73-2 = Xp — cV c 

But, by Eq. 5, Chap. 1, and analogy as in Case 1 

r 


(? - ?) 


My w te 

P X m , 3 -y[(tt-OF e + x w ] 


c_f-t 

F c — t ’ F 
and 


M f — w 


m — w 


= i = , /-« 

^ F m — w m 


C' m — t 


(7) 


CD 


( 8 ) 

(9) 

( 10 ) 

( 11 ) 

( 12 ) 

(13) 


m — f 

’ - • 


— w 


M 


c — t 
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C' M m — t 
F ~ F * c - t 


f — w m — t 
- • - -- 

m — w c — t 


Substituting these values into Eq. 13 and rearranging gives 


<73-2 = X F — cV, 


|" / ~ 1 _ (/ — w)(m — Q ~j 

L c — t (m — w)(c — t) J 


__ (/ ~ -f- (m — /)[(r^ — <)F C + X w ] 


m — w 


(14) 


Case 3. A milling-grade ore is picked from a r.o.m. feed and milled- 
picker tailing is discarded. ' 

R.o.m. (F, f) 


Picking 

.1 

Picker tailing (IF, w) 


Picked milling ore (Af, m) 


Alilling 


^>1 
- OJ 


Concentrate (O', c) Milling tailing (T, t ) 
By a procedure wholly analogous to Case 2 

„ _ v _xr Yf — 1 (f — «0(m — 01 

L c — t (m — w) (c — OJ 

_ (f w)(X'\ f ' 4 + X,y i4 ) + (m — /) (w — Q V c 

m — w 

where X MA is the cost of picking per ton of milling ore picked. 

I he break-even point comes when the gain per ton of r.o.m. equals 
the picking cost per ton of r.o.m. For Case 1 this is when 


P 

0 = J,Xr 


(16) 


Substituting this value of g in Eq. 7, and further substituting for P/F its 
value in terms of assays, (/ — m)/ (p — m), and solving for Xp gives 

= I.IZL2 Xf _ (p _ S)Xm _ eVc f-fjzl _ I 

2 / — m \_c — t (p — m)(c — Ojl 

+ hpVp ( 17 ) 

When the assays of concentrate and tailing from milling the product 
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resulting from picking are not the same as those obtainable from milling 
r.o.m. ore, the method of attack is the same but less simplification of the 
final equation is possible. 

If the mill is sufficiently distant from the mine to make mine-to-mill 
transport an appreciable factor, sorting at the mine will introduce a 
difference of X Pr {F — M) in favor of sorting, whereZ^ is the cost of 
freight per ton. 

Mechanical pickers for coal, which depend on difference in particle 
shape for automatic separation, are described in Chap. 19. 

Review questions 

1. What are the usual purposes of hand picking? 

2. What are the essential structural features of a hand-picking installation? 

3. What considerations govern the spacing of pickers? 

4. What considerations govern the form and location of disposal receivers? 

5. In what way should feed be prepared for hand picking? 

6. What are the factors that determine picking capacity? 

7. What is the character of the relation between particle size and picking 
capacity? 

8. What is meant by the break-even point? 

9. An ore containing gold, largely in pyrite, and argentiferous galena in quartz 
stringers in a shear zone in dark-colored igneous rock assays SI.20 per ton. It is 
crushed to 12-in. maximum size and then screened on a 3-in. screen. Screen oversize 
is washed and sent to a picking belt where 6,000 t.p.d. of a total feed of 14,000 t.p.d. 
is rejected at a cost of 6^ per ton picked out. The rejected material assays 30d per 
ton, and the residue Si.88 per ton. This residue is then milled at a cost of 40d per 
ton, producing 41 t.p.d. of concentrate assaying 8322 per ton, and tailing assaying 
22.6^ per ton. Assuming that products of the same assays could be made by milling 
the entire ore, at a cost of 35per ton, calculate the gain, if any, by the above method 
of treatment. The assays given are combined values of gold and silver adjusted to 
S35 per troy ounce. 

10. Calculate the break-even picking cost per ton picked for R.Q. 9. 

*t 11. Calculate the break-even assay of picking reject for R.Q. 9. 

t 12. Check R.Q. 9 by direct calculation of recovery values and costs of the com¬ 
peting processes. 

t 13. Study the performance data given on page 12 and derive a generalization 
as to mean tonnages and mean number of particles removed per picker per hour, 
t 14. Develop Eq. 15. 
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Chapter 3 

SCREENING AND FILTRATION 


Screening in ore dressing is a separating process in which the basis of 
separation is primarily particle size. A screen is a perforate surface by 
means of which a size separation is made. The ancient prototype of the 
modern screen was the woven basket. This served for size separation 
in ore milling for at least two thousand years. 

Screens and screening are best studied in the operation of a simple 
batch riddle such as the testing sieve (Fig. 8, p. 29). If such a sieve is 
placed on a piece of paper on a table, say, and a charge to be sifted is 
poured in on it at one point, and thereafter the sieve is carefully lifted 
and transferred without shaking to another place on the table, a patch 
of relatively fine siftings is found where the sieve first rested, but no 
trail of the moving is left. The pile formed during pouring is deepest 
under the point at which the stream struck. No siftings collect under 
the sieve in its new position so long as the charge of material resting on 
the screen does not move in whole or in part relatively to it. When the 
sieve is shaken in a direction substantially in the plane of the screening 


surface, material begins to pass through the openings again. This under¬ 
size increases in particle size, and its rate of accumulation decreases 
markedly as shaking continues. Passage of undersize from a given 
charge continues for hours with continued shaking, but whenever motion 


ceases screening stops. The shapes of the late-passing particles are 
predominantly tabular or aeicular. They dance around on the screen 
and in and out of holes many times before they achieve just the right 
presentation for passing. Their passage is aided by a knock on the 
screen frame that sets up vibration in the screening surface. 

From these facts and from the basic specifications for continuous 


separators, general specifications for commercial screens can be set up. 
These comprise: (a) a confined separating zone; (b) means for continuous 
presentation of feed to this zone; (c) means for moving material through 
the zone; (d) confined passages for removal of the separated products. 
The experimental facts prescribe that the separating zone be a perforate 


surface forming the bottom of a troug 


h with suitable side walls, but with 


essentially open ends. 


The screening surface may be fixed or stationary, 


but there must be relative motion between the particles and the surface. 


17 
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substantially parallel to the surface. This motion must be such as to 
set up turmoil within the bed. The extent of the surface in the direction 
of the relative motion must be sufficient, in connection with the turmoil, 
to give time for presentation of all particles to the separating surface, 
and, if exact separation is required, the time must be sufficient for the 
particles near the screen aperture in size to be presented many times. 

The prescription of turbulent movement of the bed arises from a fact 
observable whenever a mixture of particles of long size range is agitated 
through motion of its support alone. The particles stratify roughly 
according to size from coarse at the top to fine at the bottom. The 
phenomenon has been called trickle stratification. It is more pro¬ 
nounced when the supporting surface is substantially horizontal and the 
motion is reciprocation, of relatively short amplitude, and has (although 
not necessarily) a component perpendicular to the surface. Such strati¬ 
fication is, of course, ideal in screening since it tends to present to the 
screening surface only those particles that have a chance to pass, while 
the certain oversize is transported through the zone by the screen motion 
without hindrance to such potential undersize. 

Motion of particles through the separating zone requires, of course, 
that they be subjected to forces which lead to the exits. Furthermore' 
since separation of one kind of particle from another is the aim, the 
lesultant forces acting on the one kind must differ in direction or 
magnitude or both from those acting on the other. In screening, 
gravity is always one of the separating forces and the reaction of the 
screening surface is another. Additionally mechanical impulse is usually 
applied by moving the screening surface. Differentiation between the 
forces acting on oversize and undersize ensues because screen support 
fails when an undersize particle is above an aperture, whereas it is always 
acting, directly or indirectly, on oversize particles. 

Discussion of screen types will be better comprehended if preceded by 
establishment of the bases for judgment of screen performance. These 
are capacity, efficiency, and the requirements for attendance, power, and 
maintenance. 

Capacity is the inverse of the time-factor mentioned previously. 
Essentially it is an expression in suitable units of the maximum weight 
of critical-size material that can be accommodated on the screening 
surface at one time, and still be screened acceptably within the tolerance 
limits set up. The gist of a good capacity statement—one that is 
suitable for comparison and selection of screens—lies in the definition of 
critical-size material. 

\ 

In any screening operation over apertures that are substantially 
equidimensional in two directions at right angles, particles that have a 
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width greater than 1^ times the aperture may be increased or decreased 
in their proportion in the total feed without affecting the rate of passage 
of undersize appreciably; their only material effect is to increase power 
consumption and wear. Likewise the proportion of material with a 
width less than half the aperture (half-size material) may also be varied 
within wide limits without effect on the screening; these fine particles go 
through like water and are largely eliminated within a short distance of 
the feed point. The material in the intermediate size range is the part 
on which the difficult selection must be done. This is the critical-size 
material. The oversize gets part way through apertures and sticks, 
thus blocking off some of the total passage area, and also roughening the 
surface so that the movement of material across it is slowed, and the 
thickness of the bed increased. The undersize part of this intermediate 
material is slow-passing as a whole, and the coarser part requires 
repeated presentation to apertures before passage occurs. Hence the 
weight of the intermediate material is all that should generally be 
reckoned in calculating capacities. It must be noted, however, that 
sufficient published performance data are not available for setting up 
reliable standards on this basis, and that as a result most performance 
figures are given in the form: units of weight of feed per unit of area of 
perforate surface per unit of aperture width per unit of time. In 
symbols this can be written 

C = fcAa ( 1 ) 

where C is capacity, a is width of aperture, A is area of perforate surface, 
and k is an average unit capacity for a particular type of screen. Com¬ 
mon units are: tons per 24 hr. for C\ millimeters lor a, both because the 
smaller screen apertures are more conveniently expressed in this measure, 
and because such usage results in whole numbers for k\ and square feet 
for A. 

Capacity on feeds containing considerable proportions of fines is 
decreased materially by moisture contents in the range of 5 or / to 15 
or 20% by reason of the caking tendency of moist solids. Higher 
moisture percentages increase capacity because of the lubricating and 
carrying power of the water; moisture below 4% has very little effect 
except on the finest feeds. 

Anything that affects the ease of movement of undersize through 
apertures affects screen capacity. I Inis jagged coke, clinker, and 
broken rock screen more slowly than coal and rounded sand and grav'd. 
Screen surfaces with convergent apertures pass undersize more slowly 
than those with apertures that diverge with depth. Rectangular 
openings pass material more readily than square, and square than round. 
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Capacity increases directly with percentage of opening in the screening 
surface, and, when measured in units of weight, it increases propor¬ 
tionately to the specific gravity of the feed material. It also increases 
with tolerance as to percentage of undersize in oversize. 

Capacity for a given screen area is greater the greater the ratio of 
width to length of screening surface. But, owing to the difficulties in 
spreading the feed stream to wide plane-surfaced screens, widths rarely 
exceed 5 ft. and length is normally from 1^ to times width. 

Screening efficiency is measured in two general ways. In one it is 
judged by the character of the oversize product, on the basis of what 
proportion of it will pass a testing sieve of the same aperture as that of 
the operating screen when the testing sieve is operated in some standard 
fashion on a dried test lot. On this basis 95% retention denotes highly 
efficient commercial screening on all but the finest sizes of material; 
85% is fair on what is considered a fully loaded screen treating a feed' 
with an initial 50 to /5 °/o of undersize of the separating screen; over¬ 
loaded screens or those separating fine feeds containing moisture in the 
sticky range may show as low as 50 to (>0% retention on the test sieve. 

The recovery formula (Eq. 6, Chap. 1) is also used as an efficiency 
measure, taking for assays the percentages of undersize or oversize on a 
test sieve of the aperture of the operating screen, or reading the per¬ 
centages with respect to the aperture of the operating screen from a 
cumulative plot of complete screen analyses of feed and products 
(Fig. 1). Alternatively the assays used are the percentages of under¬ 
size on the critical line, which is the line on a plot such as Fig. 1 marking 

a particle size equal to Mill-screen apcrturc/\^2. The dot-dash line 
bridging the dip in the undersize plot indicates what this part of the 
undersize plot would have been with perfect screening, and the dot-dash 
curve above the oversize plot shows the change that passage of the 
critical undersize would have made. 

Commercial screens are classified by the method of effecting relative' 
motion between the feed bed and the screening surface as: fixed screens, 
revolving screens, shaking screens, and vibrating screens. 

The only fixed screen of importance is the fixed grizzly. It consists 
of a number of steel bars supported side by side on a slope of 35 to 45°, 
spaced to the thickness of particle that it is desired to retain, and 
diverging slightly down slope so as to minimize wedging of particles 
between the bars. It is normally made the bottom of an open-end 
trough with side walls high enough to prevent particles from bouncing 
out. Its principal use is to scalp out undersize from the feed to a 
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primary crusher, and since residual undersize in such feed will not affect 
crusher performance noticeably, tolerances are high. Capacity is of 
the general order of 5 tons per sq. ft. per 24 hr. per mm. of bar spacing. 
Efficiency is low by any method of judgment because of high speed of 
passage and because of lack of turmoil among the particles in the critical 
range, owing to their tendency to slide rather than tumble. The con¬ 
trolling factors in design are uniform or slightly flaring width, sufficient 



to prevent clogging due to wedging; strength to withstand the impact 

o huge lumps dumped upon or bounding over the surface; sufficient 

flaie of the rods (/^ to ^ in. per ft. of length according to aperture)- 

and provision for easy change of worn-out rods. Cost of operation with 
good design is negligible. ltn 

Ihe principal disadvantages of a grizzly are the loss of headroom 
owing to steep slope, and the interference with flow caused by wedged 

bo h ofthc t^ H rmS h r, VC bCCn buHt with a view to eliminate one or 

cleaning l v t ‘ , cantiIever ^ izzl V » made reasonably self- 

cleaning by tapering the bars toward the lower end and supportimr 

cross piece*^ 'll ° WC " beyond the supporting 

cross piece. Ihe impact of the oncoming load causes the unsupported 
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lower ends to vibrate, and the longitudinal flare of the interspaces acts 
with this vibration to aid unwedging by the impact of downsliding over¬ 
size lumps. The vibrating grizzly (Fig. 2) is actuated as a whole by a 



Fig. 2. Vibrating grizzly. 

powerful vibrating mechanism (electrical or mechanical) of low ampli¬ 
tude and high frequency, which aids travel along it and thus makes it 
possible to set it on a flatter slope than can be done with a stationary 
screening suiface. It also has a more positive screening action than 



Fig. 3. Roll grizzly. 


the fixed type. The roll grizzly (Fig. 3) consists of several sets of rollers 
essentially obtuse cones base-to-base, mounted on parallel shafts on a 
frame inclined 22^°, with the rollers so spaced as to constitute rows 
edge-to-edge along the slope. Openings, roughly diamond-shaped, are 
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thus provided in the roller assembly. The roll shafts are positively 
driven so that the upper parts of the rollers move downslope. Shaft 
speeds increase toward the lower end, which has the effect of spreading 
out and thinning the riding load. The supporting surface formed by 
the rollers is ridged both transversely and longitudinally. This uneven¬ 
ness, coupled with the agitating effect of the revolving rollers, keeps the 
riding load turning over actively. The result is that all particles of 
near-aperture size are presented to the apertures in many different 
orientations, and their passage is thus greatly facilitated. The usual 
aperture range, determined by roller size and shaft spacing, is 13^2 to 
7 in. 



Fig. 4. Revolving screen mounted on compartmented bin. 

Revolving screens (Fig. 4) are cylindrical or conical perforate shells 
mounted for revolution so that the elements of the shell at the bottom 
slope from 1 to in. per ft. Diameter ranges from 2 to 9 ft. and length 
from 3 to 40 ft. correspondingly. Shell speeds are of the general order 
of 35 to 40% of the speed at which centrifugal cling should theoretically 
occur (called critical speed). Shells are of cast or punched perforated 
plate or of woven structure (p. 28). Efficiencies are low, ranging from 
about 15% undersize in oversize for good work to 30 or 40% for average 
wet screening at }4-in. aperture. Capacity for this kind of performance 
is of the order of 1 ton per sq. ft. per 24 hr. per mm. of aperture, one 
reason for the low figure being the small percentage of total screen 
surface that is in use at any one time. Turmoil of the bed is also 
relatively slight. 

The principal uses for revolving screens are for discarding coarse 
gravel on gold dredges (see Chap. 24), for washing and scrubbing clayey 
sands and gravels (see Chap. 24), and for combined screening, trans- 
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porting, and distributing in small plants producing sized stone or 
gravel for concrete aggregate. This last combination of services is 
achieved by placing successively coarser sections of screen cloth or plate 
from feed to discharge end of a screen mounted on top of a suitably 
compartmented bin (see Fig. 4). The relatively small slope of the 
screen provides the desired horizontal transport without too much 
vertical fall of the oversize stream. 

The Bradford breaker, extensively used as a primary breaker in 
bituminous-coal washeries, is a large revolving screen, 6- to 12-ft. diam. 
and length about 1^ diam., clothed with heavy perforated-plate seg¬ 
ments having apertures in the range from 1-in. to 6-in., and fitted with 
longitudinal internal ribs. It functions both as a crusher with fixed 
limiting size and as a concentrator. The latter function is due to the 
great difference in crushability between coal and the accompanying 
shale and slate refuse. (See also Chap. 24.) 

The progress of feed and oversize axially is by a comb-like path along 
the screening surface, the rising face of each tooth lying in a plane per¬ 
pendicular to the axis of revolution and the falling face in a vertical 
plane. 1 he stream of material rises each time until the sliding angle 

of the mass against the screening surface is exceeded; then it slumps 
bcick. 

I'he work being done on the load at any instant is lifting the part of 

the load that is rising at that instant, and driving the screen against the 

frictional drag of the part that is falling. This cannot be broken down 

with the knowledge presently available. The total lift which any one 

particle undergoes in its passage as oversize can be approximated from 

the longitudinal slope of the screening surface, the sliding angle, and the 

screen diameter. But the weight of material that undergoes this lift 

is known only within the limits of weight of total feed and weight of 
oversize. e 

Power consumption i s> of course, indeterminate, since work is 
Manufacturers recommend motor sizes based on extrapolation from 
scanty performance data and a comfortable safety factor. One such 
set of appi oximations is summarized by Eq. 2. 

D d( 75 + ttZ) 

“ 44 (2) 

where P is horsepower, and d and l are diameter and length of screen 

catecT ° y ’ f D I ih ° maximum enc?1 gy consumption thus indi¬ 
cated ranges from about 0.3 to 1 hp-hr. per ton for i^-in. scalping to 

about twice these figures for work demanding relatively clean oversize 

1 he lower consumpt.ons correspond to the larger screens. Consumption 
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when screening at larger apertures varies inversely as the aperture. 
With an average power rate of If* per hp-hr., the power cost will not 
exceed 2f* per ton, and will average closer to 0.2f* per ton over the range 
of sizes normally handled on revolving screens. Attendance costs are 
negligible. Maintenance should not exceed 0.3 to 0.5$* per ton. 

Shaking screens are essentially the familiar hand riddle mechanized. 
For continuous work they are made in the form of shallow, rectangular 
three-walled trays with screen bottoms, open at the discharge end, 
normally supported by hangers at the four corners, and shaken by 
heavy eccentrics. Slope ranges up to 15° from the horizontal, depending 
upon the inclination of the supports and the character of the eccentric 
motion. With vertical overhead supports and a simple eccentric, a 
slope of 10 to 15° is necessary according to the nature of the screening 
surface and of the material being screened. With overhead supports 
inclined about 15° backward from the vertical, the screen surface drops 
from under the riding load on the backward stroke, causing the load to 
progress by a succession of jumps. Such screens can be set on a lower 
slope. Adding a quick-return driving mechanism and shortening the 
supports make possible a horizontal screening surface or even a slight 
slope against the load. Stroke lengths range from 9 in. to ^ hi. with 
corresponding frequencies of 60 to 800 per min. Capacities range from 
2 to 8 tons per 24 hr. per sq. ft. per mm. of aperture, the higher figures 
corresponding to ores on the high-speed machines. Usual deck sizes 
are from 4 to G ft. wide by 10 to 20 ft. long. Power consumption for 
the high-speed machines is 0.1 to 0.2 hp. per sq. ft. of screen surface. 
Efficiencies are fair with apertures ^-in. and up but poor at l^Q-in. and 
finer. 

Shaking screens have had their greatest use in anthracite breakers 
because as many as five or six of them may be mounted one below the 
other on the same suspension and actuated by the same mechanism, 
and they move and discharge oversize with less tumbling and breakage 
than any other screen type. 

Vibrating screens (Fig. 5) are wide, shallow troughs with perforate 
bottoms that are vibrated in various ways. They are set on slopes that 
range up to about 35° from the horizontal; frequencies range from 600 
to 3,600 per min., corresponding to initial amplitudes of 1 to Ho in. The 
screen surface is drawn taut by tension bolts and tends to set up vibratory 
waves which differ in amplitude from the initial vibration and differ also 
according to position, the load on the screen and its distribution, and 
many accidental factors having to do with screen construction. 
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There are four general methods of effecting the initial vibration, three 
of them mechanical and one electrical. In Fig. 6, item A denotes a 
ratchet cam a keyed to a shaft b that runs in bearings on a fixed support- 
fiame. lappet c actuates the screen frame or the screening surface. 
In either case a powerful spring opposes motion of c and causes it to 
follow the cam closely without backlash. When c is attached to the 
screen frame, it engages the cam from below and restoring springs oppose 



Fig. 5. Unbalanced-pulley type of vibrating screen. 


depression of the frame. As the tappet disengages, the springs lift the 
frame until it comes suddenly against bumping blocks at its corners. 

1 he screening surface, tending to continue moving, thus attains a greater 

amplitude than the frame, and the stretch that it receives in coming to 

rest before reversal tends to loosen and free material wedged in the 

meshes. When c actuates the screening surface directly, the frame on 

which this surface is mounted is fixed. A rod may link c and the screen 

cloth directly, in which case c engages at the underside of a, or c at the 

position shown is at one end of a horizontal lever the other end of which 

strikes the upper end of a rod attached to the screening surface and thus 

depresses it suddenly. Again the tendency is to dislodge wedged 
particles. 
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In item B of Fig. 6 shaft d runs in bearings fixed to a stationary screen 
frame. Eccentric e, keyed to d, runs in the follower bearing f mounted 
in the side walls of the screen box or trough. High-speed revolution of 
d (600 to 1,800 r.p.m.) causes g to follow a circular path that ranges 
from i/£-in. diam. for the lower speeds to Mrin. for the higher. A similar 
path is followed by the screening surface, modified as to amplitude and 
shape by spring restraints near the corners of the screen box, the screen 
tension, the load of material on the screen and its distribution, and the 
location on the screening surface itself. 



Fig. 6. Methods of causing screen vibration. 


In item C, Fig. 6, shaft h, driven at speeds of 1,200 to 1,800 r.p.m., is 
carried in bearings i mounted on sides j of the screen box, and these 
in turn are supported on springs k which rest on fixed supports l. 
Means are provided for unbalancing shaft h with respect to its center 
of rotation. As a result, h tends to rotate around its center of gravity 
and in doing so constitutes itself an eccentric with i a follower. Screen 
frame j is thus driven in an eccentric path, and the screening surface 
follows a modified eccentric path as in item B. The amplitude range 
is from H6 to in. 

The general direction of the vibratory path in both items B and C, 
Fig. 6, may be either with or in opposition to the component of gravita¬ 
tional force in the plane of the screen. Thus the passage of material 
along the screen may be aided or hindered, and the tendency to blind 
correspondingly diminished or increased. Counter-rotation tends 
generally to give cleaner screening at decreased capacity. 

In item D, Fig. 6, m is a fixed support for the windings n of an alter¬ 
nating-current stator. Member p carries at its upper end a simple steel 
core or a wound energized armature. In either case p is reciprocated in 
the line of its length by the passage of alternating current through coil 
n, at a rate that depends on the alternating frequency of the applied 
current. The foot of p is attached either to the screening surface or to 
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the walls of the screen box. Motion of p is damped by a spring, and 
when it is attached to the screen its upward motion is stopped by a 
fixed striking block. Usual frequencies are 900 to 3,600 per min., and 
corresponding amplitures from to in. 

Vibrating screens are used for practically all screening in dressing 

plants with the minor exceptions noted in discussing the other types of 

screens. Their mean capacity rating is 10 to 15 tons per 24 hr. per 

sq. ft. per mm. of aperture, but may run to 50 or upwards. Efficiency 

tends to be lower than that of either cylindrical or shaking screens in the 

case of those set on slopes in excess of 25°, which includes most of them* 

as with all screens, it is lower the finer the screen mesh, on account of 

the diminished effect of gravity. Energy consumption is lower than 

that of either revolving or shaking screens for all types, when related to 

capacity, and is negligible for the electrical and cam-driven types. 

^ ttendance is substantially nil, if blinding owing to moisture is absent. 

bereen renewal is the principal item of cost; it is generally well below 
0.5f5 per ton. 



Fig. 7. Plate and wire screening surfaces. 


s creenmg surfaces are made of perforated plate, woven wire or 
parallel bars or rods of various shapes. Bars are used for coarse screen¬ 
ing when support of the screen load is an important factor and screening 
accuracy is relatively unimportant. Various forms of bar-like scrap 
e.g., railroad rail, are often used when available cheaply. Bars narrower 
m cross-sect ion on one face than on the opposite one should be set with 
t e narrower face down in order to provide an opening that flares down¬ 
ward and so tends to prevent blinding. 

When the weight and wear incident to coarse screening must be 
ptovided for and more accurate sizing is desired than is obtainable with 
parallel bars, perforated plate (Fig. 7, item A) is normally used. This 
may be either punched plate or similarly conformed castings. Usual 
apertures are circular, square, or oblong with parallel sides and rounded 

. Ihe th,ckness of P^te and the width of the bridges between 
openings are varied in accord with the loading and the allowable varia- 
tion in product size with wear. 
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Woven screen (Fig. 7, item B) is made with square or rectangular 
apertures. Stock material is available with the controlling aperture 
ranging from 4-in. to 325-mesh. Cloth of each mesh is made with wires 
of several different diameters, ranging from 10 to 17 in the offerings of 
one manufacturer throughout the range down to 35-mesh. 1 his con¬ 
notes, of course, a corresponding number of variations in the apertures 
denoted by the same mesh designation, and in the weights per square 
foot of cloth and so in the cost. The heaviest stock cloth has wire 
1-in. diam.; the finest about 0.001-in. Woven screen is double-crimped 
to prevent shifting of the wires by particles wedged in the meshes. 

The material for bars, punched plate, and wire is usually steel of the 
highest carbon content consonant with the working it has to undergo 
in manufacture. Cast bars and perforate plate are usually of manganese 
steel for greater wear resistance. Fine woven cloth is often made of 
stainless steel or other alloys for corrosion resistance, especially when 
the screening is done wet. This is almost essential in fine screening 
because rusting and consequent accelerated blinding will stop separation 
with carbon steels in a few hours. 

Choice of shape of aperture is partly a matter of product characteristics 
and partly one of capacity linked to feed character. Round holes 
define short-range products more closely than any other shape because 
with relatively equiaxed feed particles they size almost wholly to one 
particle breadth, e.g., that of the hole diameter. Square holes gage in 
part to the nominal aperture and in part to the diagonal of the square, 
breadth again being the limiting particle dimension. Slots can be made 
to select on the basis of particle thickness in the case of slabby feeds by 
carrying a bed on the screen of sufficient thickness and liveliness to cause 
particles to turn edgewise. They also are less subject to blinding with 
moist feeds than square or round apertures. 



Fio. 8. Testing sieves; full-height and half-height. 


Testing sieves (Fig. 8) are used for determining particle size and size 
distribution. They comprise screening surfaces of either thin plate with 
circular openings or of square-mesh woven wire, both manufactured to 
prescribed apertures with small tolerances. The screening surface is 
crimped into moderately heavy, reinforced cylindrical frames of brass, 
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conformed for nesting. (They usually nest smoothly and un-nest with 
some difficulty when new; shortly they nest with some difficulty and 
resist un-nesting with great obstinacy.) A cover and pan accompany 
the regular sets. 


Table 1. Tyler Standard testing-sieve scale with sieve analyses referred to in 

review questions 



Aperture 

1 

2 
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4 
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6 
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mm. 
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Per Cent Weight 
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3 


2.97 









2 


2.10 
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1.48 









1 


1 .050 









a 

« 


0.742 

3.7 

0.8 







h 


0.525 

8.2 

13.1 







1 


0.371 

13.0 

28.0 






3 

1 


0.203 

12.5 

20.0 






4 


4.099 

0.185 

14.3 

14.7 

2.0 





6 


3.327 

0.131 

11.3 

0.2 

19.5 





8 


2.302 

0.093 

7.0 

3.0 

10 0 





10 


1.051 

0.005 

5.0 

2.2 

10.0 





14 

Micron 

1 . 108 

0.040 

3.5 

0.8 

7.0 





20 

800 

0.833 

0.0328 

2.2 

0.7 

5.5 

0 2 


0.5 

0.3 

28 

000 

0.589 

0.0232 

2 0 

0.4 

4.0 

0.6 


1.2 

0.8 

35 

400 

0.417 

0.0104 

1.3 

0.3 

2.9 

3.6 


5.5 

4.8 

48 

300 

0.295 

0.0110 

1.7 

0.3 

4.0 

8.1 

0.2 

12.0 

10.8 

05 

200 

0.208 

0.00S2 

1 .7 

0.3 

4.0 

17.8 

2.0 

24.2 

23.2 

100 

150 

0.147 

0.0058 

2.2 

0.5 

4.9 

24.9 

9.0 

26.8 

30.4 

150 

100 

0.104 

0.0041 

1.7 

0.4 

3.8 

9.7 

10.7 

9.9 

9.4 

200 

74 

0 074 

0 0029 

1 .3 

0. 1 

3.2 

9.6 

14.0 

8.0 

8.1 

270 

53 

0.053 

0.0021 

• • 

• • 

• • 

• • 




(325)* 

44 

0.044 

0.0017 


• • 

• • 

• • 



• • 

<200 




0 2 

2.2 

12.0 

25.5 

04.1 

11.9 

• • 

12.2 

Total 




100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 


* Not in standard series. 


Plate sieves are used for coal and to some extent for concrete aggregate. 
They are 12- to 16-in. diam. Apertures tend to conform to those specified 
in the sales contracts for the products of a particular plant rather than 
to any regular scale. 

Woven-wire screens with successive members in the series varying in 
aperture in an ascending scale by the multiplier V2 from the base, which 


Chap. 3] 


TESTING SIEVES 


31 


iB the standard 200-mesh (0.0029-in.; 0.074-mm.; 74-/*) screen as 

defined and certified by the U.S. Bureau of Standards, are known as 
Tyler Standard sieves and are used in mill testing world wide. Many 
other series have been proposed, but in view of the fact that hundreds 
of thousands of screen tests have been made with the Tyler series and 


Table 2. Sieve analyses of feed and product of crusher 


Aper¬ 

ture, 

mesh 

Feed 

Product 

Weight 

Re¬ 

tained, 

gm. 

Percentages 

Weight 

Re¬ 

tained, 

gm. 

Percentages 

Direct, 

Retained 

Cumulative 

Direct, 

Retained 

Cumulative 

Retained 

Passing 

Retained 

Passing 

3 

1.5 

0.3 


99.7 

2.5 




4 

80.5 

16.4 

16.7 

83.3 

16.8 




6 

277 

56.6 

73.3 

26.7 

33.0 




8 

93.5 

19.1 

92.4 

7.6 

28.6 




10 

13.7 

2.8 

95.2 

4.8 

46.8 




14 

5.4 

1.1 

96.3 

3.7 

44.0 




20 

3.9 

0.8 

97.1 

2.9 

56.3 




28 

2.4 

0.5 

97.6 

2.4 

45.5 




35 

2.5 

0.5 

98. 1 

1.9 

43.0 




48 

1.5 

0.3 

98.4 

1.6 

27.6 




65 

1.0 

0.2 

98.6 

1.4 

22.2 




100 

1.1 

0.2 

98.8 

1.2 

25.2 

See 

R.Q. 

29 

150 

0.5 

0.1 

98.9 

1. 1 

18.8 




200 

0.4 

0.1 

99.0 

1.0 

19.2 




<200 

4.9 

1.0 

1.0 

• • 

64.0 




Total 

489.8 

100.0 

• • 






Taken 

500 

• • 

• • 

• • 

500 




Loss 

10.2 

• • 

• • 






% loss 

2.0 

• • 

• • 

- • 






are translatable instantly in familiar dimensions to every experienced 
millman, the newcomers have not and should not displace the established 
series despite the prominence of some of the proponents. The regular 
screens of the Tyler series with apertures expressed in the four customary 
ways are given in Table 1. The mesh designations and the corre¬ 
sponding millimeter or micron dimensions should be memorized by the 
student to the extent that he can readily translate mesh into an approxi¬ 
mate dimension. The mesh to the millman is what the inch and foot 
are in everyday life. 

Analysis for flats and needles in a given square-mesh product is usually 
attempted, not too successfully, by rescreening the fraction on slotted 
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screen of the same nominal aperture. Better results are reported by 
Perry, using parallel rolls sloped about 25°, rotated about I f.p.s. up- 
wardiy at the slot, roll diameter being about 6 times the aperture of the 
limiting square-mesh screen for the fraction. 

Procedure in normal screen testing is described in the Appendix 
Exp. 1. 

A sieve analysis produces a series of weights corresponding to the 
screens used in the analysis. Two such series, presenting feed and 
pioduct of a crusher, are given in Table 2. For comparative use these 
weights must be rendered into percentages. 


Size distribution in the final stage of a size-reduction process is of 
major importance, its incidence differing according to the purpose of 
the operation. thus anthracite coal in closely sized fractions over the 
range ol 3>£-in. to 2-6-in., suitable for domestic use, sells f.o.b. plants for 
upwards of 2- or 3-times the price of sizes below ^g-in. for commercial 
use. Similarly crushed rock for concrete aggregate is worth more in 
the > i^-in. “gravel sizes” than is the deslimed < 14 -in. “sand.” So 
also fine-gravel, chip, and sand sizes of slate, feldspar, fluorspar, garnet, 
emery, and various other nonmetallic minerals are more valuable than 
the fines unavoidably produced in preparing them. On the other hand 
barite, talc, sulphur, agricultural lime, etc., in general gain value with 
fineness. Finely disseminated ores also must be finely ground to free 
the valuable minerals for subsequent separation from waste rock. Hence 

methods for ready visualization of size distribution are important in 
process control. 


A number of methods, both graphical and symbolic, have been devised 

foi representing distribution. The simplest is a so-called direct- 

arithmetic plot of the percentage weights retained on a set of testing 

Me\ es (Fig. 9, item A). It is to be noted that this curve has the general 

shape of a normal probability curve. Its peak and the slopes of the two 

branches change for different rocks undergoing the same size-reduction 

treatment and vice versa. Comparison with products of other size 

ranges is difficult, and the character of the distribution in the fine range 

is hard to assess in view of the crowding of screen apertures. 

r ihe direct weight-log aperture curve for the same product (item B) 

spreads the fine sizes but conceals the relatively linear relationship on 

the fine side of the peak while tending to minimize the size spread on 
the coarse side. 


1 he cumulative per cent curves of item C, although they accentuate the 
crowding in the fine sizes, have two great advantages: they permit direct 
comparison of distributions in products over any range of limiting sizes; 



Table 2. Average Diameter 

Size Analysis — Microscopic 


Chap. 22] 


PARTICLE SIZE 


431 


v-H 


CO ^ io CD 

-2 s? 

o s 

H 2 


1111 

2 

155,000 


CJ CM O iO 
• • • • 
•H CO O «H 
OO 40 f—• 

5 

25,000 


»0 N - OO 
CO CO O CO 

*—< CM r—. 

2 S 

CM 

•* 

o 


3.3 

10.7 

15.5 

7.4 

8 8 
I'-, 

8 

zc 

0mm 
• * 

G 

Zj 

h 

#■ > 

O -* »0 N 
• • • • 
o o r>» o 

*—< p— -• 


w 

CL. 


o o 

CO S 


0.3 

3.4 

14.9 

21.3 

o --a 
io 


—« — CO G* 

. • • • • 

O - O M 

001 

OS 

r 

o 

c * w c. 

• • • • 

o r- 

'3 co 


0.05 

0.9 

7.S 

22.5 

a. 


C* CO 

= ® $ 

' * :• co 

ess- 


& 

^ CO *-« 


e* 

o6 oo 
co ^ 




CO 


CO 


^ <D to CO 
CO CM* 


»o 

iO 


e 

o 

ZJ 

£ 

a 

3 

fcJD 

2 

Cj 

> 


O 

-G 


§ 

*s 

'H- 




o 

CO 


I 

oo 

CO 


I 


8 S 8 8 

»“< 9—4 ■-I 

cj Ci cm cJ 
X X X X 

o m o iO 
• • • • 

•—< CO 1.0 r-H 
OO *0 r-H 


iO 

iO 


sa ^ n 


CM ^ 

X 

I 


r*o •« 


I 


>> 


+ + 4- + 

+ 8888 

X X X X 

OO •**« 

^ S3 


s 


+ 

+ 

$ 

OO 

c** 

CM 

CO 

X 

X 

8 

§ 

uo* 

1.0 

r—« 

• 

io 

r—4 

• 

9 

• 

• 


+ 

e-* 

8 

x 

oc 


a> 


V3 

g 


s 

c_> 


O* 


+ 

o *1 

w 9 p 

X CO 

«o 
oo *q. 

>> oo 


o 

-O 

a 


_£5 

=3 

I C* 

O ^ 

* -t? 
+ 
"9“ 


g 

I 


I 

5 w 

S 1 


5* -T' 

-j 

-^ E i 


Cl 


Cl 


*S- 

•O 




•t# 


4- 



Cl 

co 

"C 

cr 

>\ 

S 

M 


+ 

1 

.O 

»o 


«*• 

s 

P-l 

C-9 

S 

V\ 

Cl 

S 

ro 

s 


'> 


CO 

-r 

0 

o 

"S' 

"S 

R 

Si 

e 

V 

5-1 

c*^ 


sr 


/I 

G 


_o 

o 


C3 

a- 


G 

O 

O 

n 


G 

• * 

(Tj 


© S 

c, _G 


— W5 
2 

’£ SP » 

z, .g 


Cfl 


n 

O 

o 

8 

3 

g 

o 

~ 


SsSSSSF*- 
^ — 3 ^ > x, 3 rZ ; 


Zj ^ 

J J 

* 

J 

~ 

G 

O 

c 

i— 

L 

c- 

• ^ ■ 

_ 

' t- 

o 

-a 

a O 


3 

• « 

VJ 

V- > 

7} 

O 


• 







34 


[Ckap. 3 


SCREENING AND FILTRATION 

bution. The best known is the Rosin-Rammler function: 

W r = 100e- <d/ «>“ (3) 

where W r is the cumulative weight retained on a screen of hypothetical 
aperture d, e is the natural logarithmic base, d is the arithmetical average 
of the passing and retaining apertures for a particular fraction from a 
sizing analysis, and q and are constants for the particular product, 

derived from a plot of the sizing analysis to ordinate In (in and 

abscissa In d If the curve thus plotted is a straight line, the function 

applies, a is the slope of the line, and the intercept on the axis of ordinates 
is a In q. 

The Gaudin function is a statement of a commonly observed average 
relationship existing among the fine sizes of crushed rocks: 

W r = (3d a ( 4 ) 

where (3 and a are constants. It is applicable to that portion of a plot of 

log of cumulative percentage weight retained (ordinate) vs. log of aperture 

whereon « is the slope and log (3 is the intercept on the ordinate axis. 

Regulation of size and size distribution of particulate products by 

blending and separating ingredients of different sizes in predetermined 

proportions is an increasingly common practice in production and use 

of mineral staples like sands and gravels which derive part or all of their 

value from size characteristics. Procedure in regulation comprises 

adding to or subtracting from the major ingredient by weight the desired 

amount of the compounding ingredient. Quantities are derived by 

application of the weight-balance method used in deriving the recovery 
formula (Eq. 6 , Chap. 1). 

Let F = weight of major ingredient; O = weight of the coarser 
fraction of F and U = weight of the finer fraction; B = weight of a 
blend of F and U; A = weight of an additive to F that is finer than F- 
z = decimal fraction of F that must be removed to produce O; i = 
ratio, expressed as a proper decimal fraction, that A must bear to F in 
B; and let the lower-case letters corresponding to the above weight 
symbols denote the cumulative percentages in those products passing 
a screen denoted by a subscript n (= aperture): then 

F = O U ( 5 ) 

B = F + A ( 6 ) 


• _ A 
1 F 


(7) 


(8) 
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and 


whence 


Ffn = Oo n -f- Uu n 

- °°\T 

^ (9) 

Bb n = Ff n -f- Aa n 


(10) 

fn O n 

Z = - 

U n ~ O n 


X - /n - o y\ 

. (ID 

b n ~ f n 

^v-v. ~~ a \ 


a,i — b n 

u - J> ^ 

(12) 




fn 4~ idn 
1 + i 


U 


— I, 'W 




} — X- 

b s “+ Ux-v>\ _ 


(13) 

(14) 


( -t-C 

A gravel or crushed-stone plant is one of the simplest separating 
plants, so far as the separating problem is concerned. A flowsheet for 
such a plant is shown in Fig. 10, which is inserted here, with a greatly 


Pit 


I I 

o o 
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—©—• 
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^.6 


* 


-V 

--Ar 
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2-in. gravel 
1-in. gravel 
Sand 


Legend for Fig. 10 

1- Dump car. 

2. Kail grizzly, 12 X 20-in. opening*. 

3. Dump car. 

4. Rotary grizzly, 4-in. spacing. 

6. Crusher. 

6. Upper deck of 3 X 8-ft. vibrating 
screen, 1-in. aperture, guard for (7). 

7. Lower deck of (0). aperture. 

8. 5 X 10-ft. vibrating screen, 2^-in. 
apert urc. 

9. C rusher. 

10. Inner shell of a 2-shell revolving 
washing .screen, 1-in. aperture. 

11. Outer shell of (10), 3'6-in. aperture. 

12. Saud-slime separator. 


Fig. 10. Shorthand flowsheet of a gravel plant. 


simplified legend, both to illustrate; a working arrangement of screens 
to produce a series of products of different sizes, and also to acquaint 
the student with a form of flowsheet more compact than that given in 
1'>g. 1, Chap. 1. For explanation of the convention underlying the 
figure see Chap. 24. 


co 


Dewatering screens are used with granular materials, particularly 
ul. They are usually flat-type vibrating screens, with slotted aper¬ 


tures in the range of 2- to 0.5-mm. width. The essential ele 


ipe 
merit is a 
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sharp upward shock to the screen load, which jars water downward 
through the interparticle interstices as the snapping shake of a clinical 
thermometer jars the broken mercury column into the bulb. With 
transverse baffles 2 or 3 in. high, one at the end and one at about the 
three-quarter point of the length, fine coal can be partially deslimed and 
at the same time dewatered to substantially the same moisture content 
attained in continuous vacuum filtration (see p. 38) at a small fraction 
of the filtering cost. 

A centrifugal screen used for dewatering coal comprises a conical 
screening surface flaring downwardly at about 45°, supported on a 
revolving vertical axis and fed over a horizontal plate through a hole 
at the apex. The flare and speed are so adjusted that the resultant of 
centrifugal and gravitational forces holds the coal particles against the 

screen surface, while the frictional component of screen 
support is less than the tangential component of the 
applied forces, so that the bed as a whole moves down¬ 
ward into a collecting hopper beneath. Extruded water 
is caught in a surrounding tub. Base diameter of the 
screen is 6 to 7 ft.; peripheral speed at the base is of the 
order of 125 f.p.s. 

Filtration is a method of separation of fluids from 
solids by causing the fluids to pass through a finely 
perforate septum that will not pass the solids. Essen- 



Fic. li. Active tialI y is ultrafine screening in which, however, the 
zones in u filter- bulk of the material that passes through the pores is 
in*5 operation. deformable. As in screening, friction is the princi¬ 
pal force resisting passage. The driving force is, in 
rare cases, gravity, but usually is a differential in fluid pressure on the 
two sides of the separating septum. 

The actual separating medium is the cake, i.e., the mass of oversize 
solid held against and supported on the feed side of a sheet of fabric 
(less commonly of paper) which, in turn, is frequently supported on a 
grid work of metal or wood. The elements are shown in Fig. 11 , in 
which A is a part of the gridwork supporting fabric B, C is the cake, 
D is fluid with solid matter in suspension (usually), and p y and p 2 are 
prevailing pressures in their respective locations, related according to 
the inequality p x > p 2 . The pressure differential may be gravity 
alone, in which case the structure of Fig. 11 would be turned through 
90° to the right; or centrifugal force induced by whirling around an 
axis in D, so placed with respect to B that a relatively large fraction of 
the pressure so generated acts normally to B; or the space to the left 
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of B may be enclosed and fluid pressure on D built therein by a pump 
or otherwise; or, leaving D open to the atmosphere, the space to the right 
of B may be enclosed and connected with a vacuum pump. 

The pores in B are rarely small enough to hold back the finest of the 
solid presented to it. As a result, when starting up, considerable fine 
solid is carried into the pores of the filter fabric and some of it passes 
entirely through in suspension in the fluid. The coarser residue bridges 
the pores in a manner illustrated diagrammatically 
in Fig. 12. In general, the interparticle spacing of 
this first layer is finer than that of the fabric so that 
finer particles form part of the next layer, and so 
on until size distribution in the cake is substantially 
that of the feed, only the most minute solids passing 
through. 

I' ilter cloths consist of fabrics variously woven 
of threads which, in turn, consist of a number of 
fibers (usually more than 10) twisted together more 
or less tightly. The fibers may be animal (wool, 
hair, or silk), vegetable (cotton, flax, hemp, etc.), 

or synthetic (glass, rayon, nylon, etc., or fine wire). The kind of fiber, 
the size of thread, the kind of weave, and the number of threads per 
unit of length affect porosity, life, cake-holding characteristics, etc. 

Filtering paper is a mat of randomly disposed fibers, laid down in a 
sheet by screening them out of a suspension in water on a fast-traveling 
screen and pressing more or less tightly together by rolling through 
heated rolls. Pores may be finer than those in cloth. 

Essentially filtration comprises forcing fluid through the tortuous 
capillary passages in the filter cake. Many attempts have been made 
to relate the quantity of fluid so forced to the pressure differential and 
the fluid characteristics, but without success. The basic relationship 
for flow of liquid through a straight capillary of circular section under 
a relatively low pressure differential is given by Poiseuille’s law: 

..4 


Fig. 12. Structure 
of a filter cake (dia¬ 
grammatic). 


Q = §5 (7?1 “ Vz) a*) 

Experiment and experience confirm that the general direction of rate 
variation is given by this equation, but since neither r nor l is definable 
or either cake or fabric and since friction losses against the walls ol the 
irregular passages entail eddy losses which are neglected entirely in the 
equation, it has proven useless as a specific tool. Filtration of gases 
adds the further complication of compressibility. 
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Practical design is based upon experimental determination of cake 
weight or filtrate volume per unit of filter area per unit of time. Ex¬ 
perience teaches that volume of filtrate per unit of time varies inversely 
as cake thickness; that it decreases with particle size; that it may be 
increased with slime pulps by flocculation of the slime; and that with 
slimy pulps the highest rate is not necessarily at the highest available 
pressure differential (owing probably to excessive packing of the cake). 

The vacuum filter is the form commonly used for wet pulps in ore 
dressing. The usual forms are the revolving-drum (Oliver) and the 
revolving-leaf (American) types. The elements of both types are 
substantially circular filter structures F (Fig. 13, item A), mounted to 


F 



A B 


Fig. 13. Elements of a continuous vacuum filter. 

revolve in axial bearings set on a tub T which holds feed pulp, a valve V 
through which application of vacuum and pressure under the filter 
cloth is controlled, and a stilling means for maintaining the pulp in T 
in uniform suspension. In the drum type the filter cloth is carried on 
the curved surface of a cylinder of which F is the cross-section. In the 
leaf type it is carried on both circular faces of the disk represented by F. 
The surface of the drum and the face of the disk are divided into shallow 
pockets; those of the drum by projecting slats in radial planes, as 
indicated at P, whereas those on the disk are generally radial (item B). 
Intermediate slats or ridges give fabric support between the pocket 
walls. Fabric is wound around the face of the drum and held in position 
by a spiral of piano wire tightly wound and fastened. The sectors of 
the disk frames, one of which is shown in Fig. 13, item B, are covered 
with tightly fitted fabric bags with the necks clamped around the stem 
S. Thus in both machines the filter cloth constitutes the cover of the 
shallow pockets, separating them from the outside. 
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The heart of the continuous revolving filter is the valve, one form of 
which is shown in Fig. 14. Separate pipes from the filter-frame pockets 
run to the valve seat b. A so-called wear plate c is bolted to the drum 
trunnion with its peripheral holes in register with those in b and stem / 
projecting. The outer member or port plate a, shown in outside (left) 
and inside views, is slipped over / via axial hole (j and is held tightly 
against c by a coiled spring bearing against h and regulated by a nut on 
the end ol f. Port i is connected by pipe to a vacuum receiver. For 
simple dewatering, bridge j is removed and port k closed. All the 
filter pockets which are at a given moment 
submerged in pulp in T (Fig. 13) are thus 
connected with the vacuum receiver through 
those holes in b and c that are at that moment 
in registry with the long peripheral slot on 
the inner face of a. Additionally further 
pockets on the rising side up to the top of 
the filter frame are also under vacuum. The 
small holes shown on the inner face of a in 
register with plugs m and n on the outer face 
connect through port l to a compressed-air 
receiver. They serve to impart short pulses 
of compressed air to the cake on the down- 





lac. 14. Valve for a con. 
tinuous filter. 


coming side in order to loosen it somewhat before it reaches a scraper 
which bears against the filter face and removes the cake just before 
that portion resubmerges. 


The technique of filter operation centers around the cake. Its thick¬ 
ness in a continuous filter ranges from substantially zero just below the 
initial submergence line to a maximum at emergence. Its liquid content 
is a direct function of its porosity. Porosity is an inverse function of 
particle-size range. This range increases from short in the first layer 
of cake laid down (see discussion of Figs. 1 1 and 12) until the full feed- 
size range is reached, and then shortens as the velocity of liquid approach 
to the cake becomes insufficient to hold coarse material in place at. the 
cake surface. (The mathematical relation between fluid velocity and 
fluid impulse on submerged bodies is developed in Chap. 5. Common 
experience is sufficient, however, to verify the* implication of the pre¬ 
ceding sentence.) It follows that, although the pores of the cake are all 
liquid-filled during submergence*, the- ratio of liquid to solid probably 

passes through a minimum in going from filter fabric to the outside of 
the cako just before* emergence. 

The rate of cake building depends, all other things being equal, upon 
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the velocity at which pulp flows toward the filter surface. This depends, 
in turn, upon the rate of passage of filtrate, and this upon the effective 
pressure differential and upon the resistance offered by the cake. Since 
all the filter pockets from submergence to 90°-f- beyond emergence are 
normally connected to the same suction port (see Fig. 14 and discussion), 
the lower level of the pressure differential is common. The maximum 
differential occurs at the nadir of the revolving member. Cake resist¬ 
ance increases, by inference from 
Eq. 15, with increase in thickness, 
decrease in size of pores, and increase 
in rate of filtrate passage. Balanc¬ 
ing variation in resistance against 
variation in pressure differential, it 
is apparent that cake building must 
be at a maximum somewhere be¬ 
tween the submergence line and the 
nadir of the filter travel. 

Drying of the cake, which occurs 
after emergence, should, according 
to Eq. 15, increase in rate for a time, 
at least, owing to the decrease in 
length of path of the water as the 
air-water interface moves inward, 
and to the smaller resistance offered 
by air to movement through the 
cake interstices (77 for air = 1.8-10 —4 
poise; for water 1.0*10“ 2 poise). 
Practically, however, the rate is 
normally limited by the zone of 
minimum porosity, which is found in most cases somewhere between the 
two faces of the cake. Attempts to speed up drying by increasing 
pressure differential are usually limited by cracking of the cake, where¬ 
upon the differential falls and cake drying decreases or ceases. Various 
means of preventing cracking have been tried. They include making 
thinner cake by speeding rotation, compacting the cake by slapping, 
and, on chum machines, applying a canvas cover over the outside of 
the cake from a point just ahead of the cracking point to the point of 
inward-pressure release. Pressure differential for flotation concentrates 
ranges from 20 to 24 in. of mercury. Pressures up to 28 in. are used 
for fine slimy cyanide pulps; 10 to 12 in. suffices for clean granular 
material in thick cakes. 

Filter capacities are ordinarily stated in tons solid per square foot of 
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filter cloth per 24 hr. when dewatering is the aim, and in filtrate volume 
per the same area and time units when liquid recovery is desired. Cake 
weights in these units average 0.75 to 1 ton for flotation concentrate and 
for cyanide pulps. Gallons per minute per square foot per hour are of 
the order of 0.03 to 0.04 for siliceous cyanide slimes. 

Dry filters for removing dust from gases are commonly of the type 
shown in Fig. 15. The essential elements are the tubular bags B of 
filter fabric, closed at the top, open at the bottom, and there clamped 
to registering holes in plate P which divides space A, surrounding the 
bags from space // below them. Pipe / connects with the source of 
dusty gas, and pipe O leads to the suction end of the blower. The bags 
are normally hung on movable supports & which are mechanically 
shaken at intervals to dislodge the dust cake, which drops into hopper 
H and is withdrawn periodically by opening gate G. Equation 15 
applies qualitatively. The number of bags in a unit ranges up to several 
hundred; diameters range from 3 to 0 in., and length from 4 to 24 ft. 
Normal gas capacity is 2 to 4 c.f.m. per sq. ft. of bag area. 

Review questions 

1. Define: screen; scalp; grizzly; revolving screen; vibrating screen; shaking 
screen; mesh; micron (m) ; testing sieve; screen analysis; sand blending; size-distribu¬ 
tion curve; critical-size material; vibrating grizzly; roll grizzly; critical speed; natural 
feed; limiting size. 

2. Explain the phenomenon described on page 17, second paragraph. 

3. What is the essential condition for effective screening? 

4. What are the basic requirements for a commercial screen? 

5. Why is turbulent motion of the bed on a screen particularly helpful in screening? 

6. What are the effective forces in the separating zone of a fixed screen? 

7. What are the bases for judgment of screen performance? 

8. Test sieving of the feed to a mill screen showed it. to contain 57% oversize of 
the mill-screen aperture. The mill oversize tested 32% undersize of mill-screen aper¬ 
ture, and the mill undersize tested 1.0%oversize of the same aperture, (a) What was 
the efficiency of the mill screen, based on “undersize in oversize"? (5) Based on recov¬ 
ery of undersize? (r) Is this good commercial screening? (d) How do you explain 
the oversize in undersize? 

9. What size fraction of the feed to a screen is important in determining screening 
capacity? Why is this so? 

10. What are the usual units in statements of screen capacity? 

11. What factors affect screen capacity and how do they do so? 

12. Describe the methods of measuring screen efficiency. 

13. What percentage of “undersize in oversize" characterizes good commercial 
screening? 

14. What is the general order of capacity of a fixed grizzly? A revolving screen? 

A shaking screen? A vibrating screen? 

15. What are the causes of low efficiency of a fixed grizzly? 
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fl6. Explain the longitudinal travel of material in a revolving screen. 

17. Describe how a revolving screen is arranged in order to discharge a series of 
sized products. 

18. Estimate the dimensions of a revolving screen of 1-in. aperture to receive 

50 t.p.h. of < 4-in. natural feed. What would be the capacity of the same screen 
with 2-in. aperture? 

19. Why does backward inclination of the supports of a shaking screen cause the 
load to jump forward? 

20. Sketch the mechanism described in connection with Fig. 6, item A. 

21. What is the usual frequency range of vibrating screens? Explain generally 
the causes for differences in capacity and efficiency between different types of 
screens. 

22. What is the arithmetic relation between the retained and passing cumulative 
percentages in a sieve analj'sis? 

23. Describe three methods of presenting particle-size distribution and state the 
advantages and disadvantages of each. 

24. Write a verbal description of the operation graphed in Fig. 10, including a 
statement of the size range of the material passing from each stage to the next, and 
the size ranges of the various products. 

25. Name m order of increasing fineness the mesh designations of the Tyler Stand¬ 
ard testing sieves from 20-mesh to 200-mesh inclusive. What are the apertures in 
mill.meters of the 20-, 65-, 100-, and 200-mesh screens? Derive from these the ape.- 
tures for the intervening screens. 

20. Determine whether actual weights instead of weight percentages may be 
used in Eqs. 11 to 14 inclusive. 

27. Derive Eqs. 11 ami 13 from Eqs. 5, 7, and 9. 

28. Complete the product columns of Table 2. 

29. Plot the graphs of the sieve analyses of Table 2 with (a) direct percentages 
as ordinates and apertures as abscissae; (b) direct percentages as ordinates and per¬ 
centages of limiting aperture as abscissae; (c) same ordinates and logarithms of 
apertures as abscissae; (d) cumulative percentages retained as ordinates and per¬ 
centages of limiting aperture as abscissae; (c) as (d), but. with cumulative percentage 
passing. 

30. Correlate in words the curvatures of the graphs of R.Q. 29 with the size dis¬ 
tributions of the materials. 

t31. In I'ig. 1, if the critical undersize had passed as indicated by the dot-dash 
lines, what would have been the efficiency by the recovery formula, based on the 
critical line? 

j32. If the feed to the screen having the feed and making the products plotted on 
I ig. 1 is 310 t .p.h., determine the tonnages of undersize and oversize. 

t33. Given the sieve analyses shown in columns 4 and 7 of Table 1, comprising 
feed and oversize, respectively, of a sizing operation, calculate the sieve analysis of 
the undersize. 

t34. What weight of material having the sieve analysis shown in column 5 of 
I able 1 must be taken out. ot 200 tons of the material shown in column 4 to produce 
the material shown in column 7? 

35. If the sieve analyses shown in columns 4, 5, and 6 of Table 1 are feed, under¬ 
size, and oversize, respectively, of a sizing operation designed to remove 65-mesh 
material, what is the efficiency of the operation? 

t36. What tonnage of the material shown in column 5 of Table 1 must be added 
to .>00 tons of that shown in column 7 to produce the material shown in column 4? 
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37. What will be the relative lengths of the intervals between successive screens 
of the Tyler Standard test-sieve series when the apertures are plotted on a logarithmic 
scale? 

t38. Derive the dot-dash curves shown on Fig. 1 from the assumption that the 
bulk of the undersize in oversize was 3 ~ 4-mesh material. 

t39. Equation 2 was derived from the data in Table 24, p. 7-31, HBMD. De¬ 
velop a similar equation with the same variables from the same data and compare 
with Eq. 2. If form and/or constants dilTer, compare the two equations as to 
deviation from the original data. 

40. What part of an active filtering system controls the maximum rate of filtrate 
removal? 

41. Describe the methods of building up pressure differential in filtration. 

42. Describe the general method by which cake is formed in filtering when gravity 
does not contribute. 

43. Describe generally the structure of filter fabrics. What characteristics of the 
fabric should be considered in choice? 

44. State in words the qualitative form of the relation between the pressure 
differential, cake characteristics, and filtering rate. 

45. Describe the elements of a continuous filter. 

46. What are the common forms of continuous vacuum filters? Correlate your 
description with your answer to R.Q. 45. 

47. What is the function of the valve in a continuous vacuum filter? Explain 
how it fulfils its function. 

48. What factors determine optimum cake thickness in continuous filtration? 

49. What factors determine cake-drying rate? 

50. Give the general order of capacity of continuous filters in drying flotation 
concentrate. 

51. Give the general range of pressure differentials in vacuum filtration. 

52. Describe the elements of an air filter and sketch one form of such apparatus. 
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Chapter 4 

ELECTRICAL CONCENTRATION 

As the name implies, this method of separation utilizes the differences 
among minerals in their responses to externally produced electrical 
effects and to the forces that thereupon result. The particular effects 
used are those which act through space, i.e., field effects. Both electro¬ 
static and magnetic fields are employed, the separation being corre¬ 
spondingly designated. 

Magnetic separation consists in introducing a mixture of particles 
which respond differently to a magnetic field into such a field under 
conditions that subject all the particles substantially equally to the field 
and to another force or forces directed at an angle to the field force. 
These accessory forces arc gravity, friction, inertia, centrifugal force, 
and fluid resistance. The particular accessory or resultant utilized 
and the direction of application of the magnetic field in relation thereto 
characterize the different commercial machines. 

The present belief of physicists is that the magnetic property of 
bodies is due to a directional alignment of certain of their atoms or 
atom groups under the influence of an external magnetic field; that the 
aligned bodies thereupon add magnetic effect within the particles to 
that of the imposed field; and that as a result of this concentration of 
magnetic effect within the particles, mechanical forces are set up be¬ 
tween them and the field. 

More specifically the belief is that the movement of the electrons in 
certain atoms resembles, in its effect at least, that of the flow of current 
(electron drift) in a circular loop of conducting wire. Since such a loop, 
if freely suspended, orients in a definite direction in a magnetic field and 
having clone so adds strength to the field, it is postulated that atoms 
with analogous electron circuits and electrical elbowroom do likewise. 
Substances lacking atoms or atom groups with such electron configura¬ 
tions or energies are not so aligned. The magnetic field in them is not, 
therefore, altered, and no reaction with the magnetic field occurs. 

The behavior of mineral particles in magnetic fields supplies a group 
of experimental facts that lend themselves readily to useful correlation 
by dimensional analysis. 
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Dimensional analysis is a method of developing approximate relationships be¬ 
tween the various factors that enter into a physical phenomenon. The exact relation 
can rarely be so determined because unknown numerical constants must be introduced 
to take care of the numerical factors in the dimensional quantities themselves, and 
because quantities that are not expressible dimensionally must, by way of limitation, 
be set into the final equation as an empirical constant. Despite these limitations the 
tool is such a powerful one for probing the kinds of relationships frequently met in 
ore dressing that a short summary of the formal procedure is given here, using the 
immediate problem as an example. For more complete exposition the student should 
consult Buckingham or Bridgman. 

I. Application of the method depends upon one’s ability to set up a complete 
functional equation in terms that are expressible dimensionally. Equation complete¬ 
ness implies that the equation contains all the variables entering into the phenomenon 
and no others, and also all the pertinent dimensional constants such as the gravita¬ 
tional constant; and it demands that the expressed relationship remain true without 
change of form, irrespective of change in size of the fundamental units. Such an 
equation is of the general form 

/(Ql,C>2, • • • , Qn) = 0 (1) 

in which the various Q-terms denote different variables or potential variables which 
meet the conditions set down. It implies that no other quantities except pure 
numbers enter into the relationship. 

The immediately following paragraphs numbered 1 to 12 comprise a set of facts 
readily determined by experiment, supplemented by a little reading on elementary 
magnetism. They constitute the basis for the Q-terms of Eq. 1. 

1. If mineral particles of different species arc placed in the space between suitably 
conformed poles of a magnet of some certain and sufficient strength, it is found that 
some species move toward one of the poles but that the majority of species are not 
moved. 

2. For the motion related in item 1 to occur, it is necessary that the opposed 
surfaces of the magnet poles be not plane, parallel, of the same shape and area, and 
in register as to edges. The maximum effect is produced when one of the poles is 
flat and the other is acutely conical or wedge-shaped, and positioned so that the 
orthogonal projection of the point or edge onto the flat face strikes the center of that 
face. Motion is always toward the pole with the higher degree of curvature. 

3. A given particle that is moved by a magnet at a given position in a plane of 
symmetry of the poles may not be moved when it is further from the attracting pole 
in this plane. It may not be affected even when placed closer to the attracting pole, 
if the new position at the same time is further from the other pole. It is always 
moved, however, if its new position after an initial movement is nearer to the at¬ 
tracting pole along a line joining that pole and the position of initial movement, and 
the strength of the pull is greater the nearer it is to the pole. 

4. The same particle when at a position where it is just not moved by the magnet 
is moved if the current energizing the magnet is increased sensibly. 

5. The first movement of an elongated particle is usually to turn so that its long 
axis extended points approximately but not exactly toward the point or edge of the 
attracting pole. If the particle itself is not a permanent magnet, this turning 
movement is always in such direction as to bring the nearer end yet nearer to the 
attracting j>ole. 

6. If the attracting pole is placed beneath a piece of unglazed cardboard (not 
too rough) held horizontally, with the other pole above the board, and soft-iron 
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filings are dusted onto the board while it is tapped to minimize friction, the particles 
align with their long axes in narrow streaks that radiate from the point of a conical 

pole or extend outward perpendicularly 
from the edge of a wedge-shaped 
pole. 

7. If the cardboard and filings are 
placed above the poles of a horseshoe 
magnet, the filings arrange as shown 
in Fig. 1. 

8. There is a difference in the readi¬ 
ness with which particles of different 
species, all of which exhibit suscepti¬ 
bility of movement toward a polo, 
move. 

„ , 9. Large part icles of a given species 

Fig. 1. Diagrammatic sketch of filings at a given position near an attracting 

lines in the plane of the pole faces of a polc may be moved when smaller par- 

horseshoe magnet. tides of the same species at the same 

position do not move. 

10. Small particles at a position relative to an attracting pole where they will 
just not move as individuals tend to clump together and thereafter to move toward 
the pole. 

11. If an iron plate is substituted for the cardboard in items 6 and 7, all other 
conditions remaining constant, particle alignment does not occur; it does when a 
plate of almost any other substance than iron is used. 

12. If the iron core is removed from the winding of the electromagnet implied in 
the above paragraphs, and a core of almost any other substance except, certain iron 
alloys (or metallic cobalt or nickel) is substituted, or no core at all is used, all other 
conditions remaining constant, the response of the previously susceptible particles 
fails substantially or completely. 

The following paragraphs, which refer by number to those that precede, illustrate 
particularization of the Q-terms of Eq. 1. 

Item 1 shows that within the space between the poles of a magnet a zone or field 
of force exists and that the response of mineral particles to the field is specific. 
Denote this property of the minerals by the symbol It is called permeability. 
Denote the force exerted on the particle by the symbol F m . 

Item 2 shows that the force of the field is dependent, so far as magnitude of trans¬ 
lational efiect is concerned, upon the shape of the magnet poles, and that the trans¬ 
lational force is directed toward the nonplanar pole. Denote this shape factor by 
the symbol »£. 

Item 3 indicates that both the distance from particle to attracting pole and the 
position of the particle relative to the polo affect F m . That distance is not an in¬ 
dependent factor is proved by the first two sentences of the item. Denote the com¬ 
bined factor by 1'. 

Item 4 shows that magnetic-field intensity H is a factor in F tn , since this quantity 
is related to current / by the equation II = Iz , where z is the number of turns per 
unit length of the magnet winding. 

Item 5 indicates that the direction lines of the force in the magnetic field converge 
on the nonplanar pole, since it is known that a magnet has no appreciable force 
effect at a distance on a particle that is not itself a magnet, and that an elongated 
particle that is a magnet (e.g., a compass needle) aligns itself, if free to move, with 
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the lines of magnetic force. This conclusion is confirmed by item 6. The two items, 
taken with item 7 also, show that certain nonmagnetic substances, of which pure 
iron is one, become themselves magnets when placed in a magnetic field. 

The nature of the effect indicated by these three items is not self-evident. The 
streaks of filings indicate that the magnetic force linos are more concentrated in the 
neighborhood of the attracting pole. This would indicate that the effect should be 
denoted by some function of H. But H as defined in connection with item 4 is the 
field intensity at the location of the particle. It seems possible, in light of observa¬ 
tions 5, 6, and 7, that the factor denoted by Y may be a function of H and l. This 
postulate can be checked in part by accepting it for the moment and denoting the 
effects indicated in the three items under discussion here by Y also, i.e., including them 
with item 3. If a rational equation develops, the nature of Y can then be investigated 
further. 

Item 8 would seem to be a manifestation of the same phenomenon discussed in 
connection with item 1, and therefore to be denoted by the same symbol. 

Item 9 suggests again that the distance from pole to particle is a factor in F m , 
but since distance as an independent factor is inadmissible in view of item 3 and no 
collateral item seems to be present here, further examination is advisable. To choose 
diameter is the same as choosing pole-particle distance, because the poles of a magnet 
are known to be located near the surface of a body. The postulate that it is the 
volume V of the particle that is a determining factor fits the observations and is not 
subject to the foregoing objections. It is also in accord with the second observation 
in item 10. 

Item 10 is a manifestation of the previously cited fact that particles which are not 
themselves permanent magnets may become so in a magnetic field. The clumping 
is not, however, an apparent factor in F m , since the motion in clumping is random by 
close observation and directed from particle to particle in the group and not con¬ 
sistently toward the attracting pole. The second observation in this item has already 
been discussed in the preceding paragraph. 

Item 11 shows that the medium in the space between pole anti particle can, if of 
certain kind, affect F m . Denote this character of the medium by n 0 . 

Assuming that persistent search for other factors affecting F m has not produced 
any, Eq. 1 may be rewritten in either of the forms 

f{F m ,»,+,H.Y,V,n 0 ) = 0 (2) 

F m = f'M,H,Y,V,n 0 ) (2a) 

II. List the various Q-terms of Eq. 2 and set against each term its dimensional 
formula. Revise Eq. 2 if necessary. Determine the total number of fundamental 
dimensional units required to express all the quantities of the revised equation. Call 
this m. Call the number of Q-terma n. 

F m Force. MLT ~ 2 . 

m Permeability of particle, n. 

\l' Not susceptible to specification in a form to which a general dimensional 
expression may be assigned. 

II Magnetic-field intensity. 

Y A function of II and l by postulate in the discussion of item 5. As such, if 
it is a simple function, it must be either a product or a quotient; it cannot be 
a sum or difference because the dimensions of // and l are different. The 
product III has the: dimensions 

The quotient II/l has the dimensions pT ^.l/ 1 -L~Y*T ~-*. 
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V Volume. L 3 . 

Ho Permeability of medium, fi. 

The dimensions comprise the four fundamental units n,M,L,T. 

The quantity not being capable of general dimensional expression, must be 
eliminated as a variable and replaced as a constant factor. Rewriting Eq 2 
m this light gives: 

= 0 (2b) 

for which n = 6. 


IH. Select m of the n Q-terms which satisfy the requirement that they are of 

different and independent kinds, no one of them derivable from the others, e.g. a 

distance, a characterizing property of a substance such as density, a frequency. 

These will form common terms in the ./-equations set up as described in paragraph V 

The common Q-terms which fit this specification in the present case are P F m 

and V {m = 3). H is not used because of doubt of its independence of and V 

because of the postulate that it is a function of H and is therefore subject to the 
same disability. 

IV From the remaining Q-tcrms select, one at a time, a term to combine separately 
with the common Q-tcrms to form a series of ^/-equations. (See V.) 

These characterizing or P x terms in the present instance are Mo , H, and Y. 

V. Write a series of ./-equations in the form 


J i = Qi a 'Q 2 01 ■ • Q^' P*,- 1 or 1 ( 3) 

in which Q I, <? 2 ,-• Qm are the common terms and P x is the characterizing term of 
each equation. There should be n — m of these ./-equations and each one of them 
should be an independent dimensionless product. 

In the instant case the ./-equations are 


J 1 = Fm^'V^Vo -1 
J 2 = 

J 3 = FmV’F'T- 1 


(3a) 

(3b) 

(3c) 


VI. Examine the ./-equations as to the number resulting from following the in¬ 
structions for writing them. If there are too many there has been an error in pro- 
cedures I and/or II. 

In the instant case the three equations accord in number with the specification in 
paragraph V and the values of n from Eq. 2b and of rn from paragraph III. 

VII. Examine the ./-equations for the appearance in any one of them of a di¬ 
mensional unit that is not part of any of the other dimensional formulas in the 
equation. Such an equation clearly cannot be dimensionless, and the extra term 

must be eliminated, or may indicate the omission of another term containing the 
same fundamental unit. 


In the instant case Eq. 3a has the dimensional units M and T in the dimensional 
formula for I' m and not in any of the other factors. This equation must, therefore, 
be eliminated. Since Eqs. 3b and 3c are not subject to this disability, it traces to 
the characteristic term in Eq. 3a. Hence this term must be eliminated from Eq. 2a, 
by making it a constant. This has the effect of limiting the solution to air as a 
medium, with the value of n Q for air an empirical constant. The final form of Eq 2 
then becomes ’’ 


Ho'P-f{F m ,»,H,Y,V) = 0 


(2c) 
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for which n = 5. Equations 3b and 3c now fit the specifications of paragraphs 
VI and VII. 

VIII. The exponents in the ./-equations may be determined from the condition 
that J in each equation must be of zero dimensions in each of the fundamental units. 
In the present case, from Eq. 3b and paragraph II, write the dimensional equalities 

Ji’. » 0 M°L°T 0 = (A/LT—(4) 
From this write the exponential equalities 

M- 02 + 2 = 0 

M : «2 — 5=0 

L: ci2 + 3>2 + 2 = 0 

T: -2a 2 + 1=0 


Whence 0 2 = ~h> «2 = 2, and *y2 = —J. 

Substituting back into Eq. 3b gives 

J 2 = Fm^uT^V-^H- 1 



There are two solutions of Eq. 3c, according to whether Y is taken as a quotient or 
as a product. For the former write 


Jy. fj°M 0 L 0 T 0 = 

from which oc 3 = 0 3 = —and *V 3 = — §, and 

J z = fy*vtV*v-ky- 1 


( 6 ) 

(7) 


For Y a product see R.Q. 41. 

IX. It follows from Eqs. 1 and 2c and the method of construction of the J-equa- 
tions that 

Jn—m) =0 ( 8 ) 


and that the same equation may be also written with the various ^/-products re¬ 
placing the J' s in Eq. 8 . Do this. 

In the present case, accepting for the moment the value of J 3 in Eq. 7 and substi¬ 
tuting this and the value of J 2 from Eq. 5 in Eq. 8 gives 

= 0 (9) 

If r is any pure number root of Eq. 9, we may now write 

/ u}**V**Y\ 

F m » = IW- • m* V*1I •/' vr ) (10) 


On the basis of the experimental data and the exponents of Fm in Eq. 10, the form 
of the unknown function in that equation appears to be direct. If this is accepted 
as a fact, Eq. 10 may finally be written 

Fm = SI W-vVHY (11) 

in which E is a numerical unit constant of unknown value required to be introduced 
to give definite value to the function /'. Combining all the constants 

F m = Const. nVHY ( 12 ) 

Decision as to the form of Y requires further analysis. 
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The statement of Eq. 11 is that the force exerted on a particle in a magnetic field 
set up by a magnet with a pointed or wedge-shaped pole and a flat pole is directed 
toward the former and that its magnitude is the continuing product of a numerical 
constant dependent on the units employed, another constant of unknown magnitude, 
another constant denoting the permeability of air and limiting the application of the 
equation to this medium or to another having the same permeability (the value for 
air and other gases and for water is 1.0 on a relative scale), an empirical constant 
dependent upon particle shape; three presently definable variables: the permeability 

of the particle, its volume, and the mag¬ 
netic-field intensity; and a function, 
presently unknown but probably f(H/l). 
A check and a definition of Y follow. 


When a particle that is sensibly 
to strongl}' attracted to a magnetic 
pole—which is the kind of particle 
that is commercially treated by mag¬ 
netic separation—is placed in a mag¬ 
netic field, and the nature of the 
field is probed by the filings method, 
it is found (Fig. 2) that the streak 
lines concentrate strongly on what 
we may call the approaching and 
leaving sides of the particle and are correspondingly more dispersed 
in the neighborhood of the remaining sides. It is a convention in the 
study of magnetism to call the lines of force action that can be drawn 
by generalizing the filings streaks lines of magnetic force and to assume 
in consonance with force directions in the field that tensile stresses act 
along them. Furthermore, since some of the lines through and around 
a coreless solenoid can be traced by the filings method with substantial 
completeness, and a small compass needle used as a tracer shows similar 
conformation in the gaps of the filings pictures, it is postulated that these 
lines are all closed curves. Accepting this postulate and applying it to 
Fig. 2, continuing the filings lines through the full circle, the clear 
inference is that the effect of placing a particle of sensible permeability 
in a magnetic field is to increase the number of lines of force per unit 
area through the particle to a marked extent. This explains in part the 
great increase in magnetic-field intensity of a solenoid when an iron 
core is introduced. 

Consider next a particle of sensible permeability and, for ease of 
analysis, having the shape of a rectangular parallelepipedon positioned 
as shown in Fig. 3 in a nonhomogeneous magnetic field. 

It is a matter of common experience that work must be done against 
magnetic force to remove a particle from a magnetic field. Since in the 



Fig. 2 . Filings pattern in neighbor¬ 
hood of a permeable particle in a 

magnetic field. 
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case of such a field in air there is no measurable movement of the air to 
exert the resisting force, nor any other source of force than the magnetic 
field, it must be assumed that the energy of the field is potential. It 
has been established experimentally that the energy density S m of the 
field is given by the equation 

Sm = \nH 2 ( 13 ) 

where n is the relative permeability of the medium in which the field 
exists. It has also been established that, whenever there is a discon¬ 
tinuity in the value of pH 2 , such as occurs at the ends of the particle 


- *— X 

—pt-+ 



Fig. 3. Lines of force in a nonhoinogeneous magnetic field around a permeable 

particle. 


in Fig. 3, a mechanical force is found to exist at the surface which is of 
the same nature as would exist if the hypothetical magnetic linos of 
force were attached to the surface and were in tension. Furthermore 
the units are so defined that the magnitude of this force is numerically 
equal to the energy density, both per unit of area. But in passing 
from a medium of lower permeability to one of higher there is a reduction 
in this hypothetical tensile force to 1/V of its value in the lower-valued 
medium. Hence, for the body of Fig. 3, considering tensile forces 
positive to the right, the resultant force per unit area across the left 
end of the particle is 


Vl = — \ v - 11 /- 


2 


I 1 

m*2 




(14) 


which reduces to 

Vl = - 1) (15) 

Similarly the resultant force per unit area across the right end of the 
particle is 

Pr = \IIk 2 (p — 1 ) ( 16 ) 
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and the resultant force acting on the particle is 

F m = A(p L + PR ) = -±A (/Li - 1 )(H L 2 - H r 2 ) (17) 

If Z is taken as the length of the body, and if, as is true, the lines of force 
in an undisturbed field are straight over the small length Z, 

Squaring and neglecting the square of the differential term, and substitut¬ 
ing for H L in Eq. 18, 



VH r dH 
m dl 


(19) 


For a small particle Hr may be taken as the mean H at the point occupied 
by the particle. 

Comparing Eq. 19 with Eq. 11, it is apparent first that the postulate 
made as to the nature of Y in deriving Eq. 11 was correct, and that the 
particular function is dll/dl. It also appears that the product constant 
EITio equals 1.0 and, since n<> for air equals 1.0, that the product Hr equals 
1.0 also. Equation 11 is more complete than Eq. 19 in that it contains 
the shape constant \f/, which was not introduced in developing Eq. 19. 
The fact that n appears in the final equation as a difference term — 1) 
would appear experimentally in attempting to establish the constants 
of Eq. 11. The fact that should be remembered here is not the dis¬ 
crepancy between Eqs. 11 and 19, but that Eq. 11 was developable from 
purely qualitative experiments (see Appendix, Exp. 4). 

No system of units was specified in either development except that 
the units should be consistent. If H in Eq. 19 is taken as ampere-turns 
per centimeter and Z and V in terms of centimeters, the units of F m are 
10 7 dynes. 

Application of Eq. 19 to a specific case of a mineral particle in the field 
of a specific magnet in a commercial separator requires so many assump¬ 
tions as to make the result worthless. The principles of magnet design 
to produce fields of given values of // and dll/dl are fairly well estab¬ 
lished, but particle reaction to the fields and to the particular accessory 
forces acting is determined wholly empirically. A measure of relative 
reactions of mineral particles of the same size, all other things than 
natural particle shape being constant, is given in Table 1. It should 
be noted that attractability is an arbitrary measure for the series of 
experiments, not permeability or related magnetic units. 

The motions of particles and a partial analysis of the forces acting upon 
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Table 1. Relative magnetic attractability of minerals (After Davis') 


Strongly magnetic 


Weakly magnetic 


Nonmagnetic 


Substance 

Relative 

Attractability 

f Iron (taken as standard) 

100.00 

1 Magnetite 

40.18 

| Franklinite 

35.38 

^Ilmenite 

24.70 

• 

Pyrrhotite 

6.69 

Siderite 

1.82 

Hematite 

1.32 

Zircon 

1.01 

Limonite 

0.84 

Corundum 

0.83 

Pyrolusite 

0.71 

Manganite 

0.52 

Calamine 

0.51 

• 

Garnet 

0.40 

Quartz 

0.37 

Rutile 

0.37 

Cerussite 

0.30 

Cerargyrite 

0.28 

Argentite 

0.27 

Orpiment 

0.24 

Pyrite; Sphalerite 

0.23 

Molybdenite 

0.23 

Dolomite 

0.22 

Bornite 

0.22 

Apatite; Willemite 

0.21 

Tetrahedrite 

0.21 

Talc; Magnesite 

0. 15 

( Arsenopyrite 

0. 15 

Chalcopyrite 

0. 14 

Gypsum 

0.12 

Fluorite 

0 . 11 

Zincite; Celcstite 

0.10 

Cinnabar 

0.10 

Ghalcocite 

0.09 

Cuprite 

0.08 

Smithsonite 

0.07 

Orthoclase; Stibnite 

0.05 

Cryolite; Enargite 

0.05 

Scnarinontite 

0.05 

Galena; Niccolite 

0.04 

Calcite 

0.03 

Witherite 

0.02 
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them in the separating zones of typical commercial magnetic separators 
are indicated in Fig. 4. 

In item A magnetic (black circles) and nonmagnetic (light circles) 
particles enter and leave the convergent separating zone by the action 
of gravity F a (fluid resistance, Chap. 5, being negligible). But in the 



CD E 


Fig. 4. Forces and particle motions in separating zones of magnetic separators. 

zone the magnetic particles are acted upon by the magnetic-field force 
F m directed toward the pointed pole piece, whereas the nonmagnetic 
are substantially unaffected. The resultant R of these two forces on 
the magnetic particles is in the diagonal direction indicated by the 
insert. The divider a completes the separation. Such a machine is 
inefficient because of the low tonnage rate imposed by the necessity of 
maintaining a thin feed stream to minimize particle interference, and 
because of the large air gap required to prevent adhesion of magnetic 
material to the pole pieces. 

Item B shows a separating zone similar to that of A, but arranged in 
such a way that the force of the field opposes gravity. Referring to the 
front view, feed enters from the left on a traveling belt or other means of 
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conveyance. When the magnetic particles reach the separating zone, 
they leave the belt and travel upward along a trajectory determined by 
their inertia F the magnetic pull F m , and gravity F g , as indicated by 
the force diagram in the insert. They are prevented from coming 
directly into contact with the wedge-shaped upper pole piece by the 
take-off belt b traveling in the direction indicated, are moved out of the 
separating zone by the frictional drag of this belt F f , and then follow 
the trajectory determined by their inertia and gravity into the collecting 
box. Nonmagnetic material remains on the feed belt until it leaves the 
separating zone and is then discharged. 

This type of high-intensity separator is commonly used for weakly 
magnetic materials. The magnets have many ampere-turns and are 
correspondingly powerful; air gaps are small. 

The separator indicated in item C consists of a fixed segmental magnet 
c, supported on the interior of a rotating brass or bronze drum of low 
permeability. Feed is brought into the separating zone either by a belt 
d moving with the drum or by gravity down a chute which feeds onto 
the drum. In either case magnetic particles are pinned to the drum, 
whereas nonmagnetic leave it near the top by reason of their inertia 
and are thrown beyond the splitter e. The pinned particles follow 
around at the bottom until friction and inertia carry them out of the 
magnetic field, when they fall on the other side of the splitter. If a 
cleaner separation is desired than is obtainable with a magnet core 
with all like poles at the periphery, polarities may be alternated, when 
the action described in connection with item E occurs. 


This pulley or drum-type magnet is used for relatively coarse feeds 
of highly magnetic materials (the magnetic metals and alloys and 
magnetite) when close separations are not essential. 

Item I) is of the so-called induction type. It consists of a primary 
electromagnet/, one pole only of which is indicated; a heavy keeper k to 
minimize magnetic leak; and a roll h rcvolvable clockwise between 
/and k, the essential characteristic of which is a corrugated surface of 
highly permeable material or a construction comprising alternating 
laminae of permeable and nonpcrmoable substances. Either sort of 
roll inserted into the gap between pole and keeper becomes magnetized 
by induction, and the field in the* air gap converges sharply from the 
smooth surfaces of / and k toward the ridges of the corrugations or the 
edges of the thin laminae. As a result, when particles are fed by gravity 
into the air gap as indicated, the nonmagnetic are knocked away from 
the roll while the magnetic are pinned to it. But as any element of the 
surface of the roll passes along the underside from the field of the 
raagnet into the induced field of the keeper, its polarity changes. In 
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this zone of change there is insufficient force to hold magnetic material 
to the roll, and it falls into its collecting chute. Intense fields can be 
set up in this type of separator. 

In item E is shown a low-intensity separator which is essentially of 
the same type as that indicated in item B, differing in the multiplicity 
of poles, their close spacing, and the purposeful alternation in polarity. 
The result is that material picked up from the feeding means l and 
dragged along on the underside of take-off belt n forms little loops as 
indicated as it travels along, owing to decrease in magnetic pull in 
accord with Eq. 19 and to the decreasing vertical component of this 
pull. The stream expands in this intermediate region and entrapped 
gangue and weakly held middling fall out. This winnowing process is 
aided by the quite sensible retention time of the induced polarity of the 
magnetic particles. This causes them to turn end for end as they pass 
from the field of one magnet to that of opposite polarity of the adjacent 
one, and in so turning they further agitate and expand the field. 

If the feed device l is a launder in which the solid is carried in suspen¬ 
sion in water, the drag of the water (see Chap. 5) has a component that 
opposes the magnetic pull, and, if particles must pass through the upper 
surface of the carrying stream in order to reach the take-off belt, forces 
of interfacial tension (see Chap. 10) will also oppose the lift. 


According to Eq. 19 the attractive force acting on a particle is propor¬ 
tional to its volume. Gravitational force on a particle is likewise 
proportional to its volume, as are also centrifugal and inertial forces. 
When, therefore, any of these is the force opposed to magnetic force in a 
separator, it would seem that particle size should not affect the resultant. 
But the reverse is true experimentally. The reason is indicated by the 
Coulombic statement of magnetic forces: 



^ m,] W m,2 

T 1 


( 20 ) 


in which the m m quantities are so-called pole strengths of the magnet 
and the induced poles oi the particle. The induced poles of irregularly 
shaped particles are normally near the extremities furthest separated 
in the particle. Thus the distance difference from the separating pole 
to like and unlike poles of a large particle is greater proportionately 
than for a small one, and so there is a greater net magnetic attraction 
in the case of the larger particle. 


Characteristic mill assemblies embodying the separating principles of 
Fig- 4, items B and E, are shown in Figs. 5 and 6, respectively. The 



Chap. 4] 


COMMERCIAL MAGNETIC SEPARATORS 


57 


Wetherill-type separator of Fig. 5 is a six-pole machine with an 18-in. 
feed belt a. A constant feed rate is held by feeder b. The successive 
fields to which the material on belt a is subjected increase in strength, 
as indicated by the increasing size of the electromagnets m. Individual 
control of currents to the poles is also provided. Air gaps, cross-belt 




Fig. 5. Wetherill-type liigh-intensity magnetic separator. 


(c) and feed-belt speeds, and the transverse positioning of product 
hoppers d, of which there are two to each cross belt, are also operably 
variable. 

Feed to high-intensity machines must be small (<3 or 4-mm.) to 
attain the small air gaps that are necessary and should be free of dust. 
The shorter the size range in the feed the better the work. Capacity 
varies with feed size and case of separation; it is limited by cross-belt 
capacity when the amount of concentrate is large, and by feed-belt 
capacity when feed is fine or attractability is small. The general 
order with relatively good attractability ranges from 2 to 4 tons per 24 hr. 



per in. of feed-belt width per mm. of particle diameter. Power ranges 
from 5 to 25 amp. per magnet at 125 volts. Attendance is low, and 
maintenance also, provided the electrical system is protected against 
overheating and moisture. 

The Crockett low-intensity wet separator (Fig. 0) consists of the 
endless belt Ji, traveling about 200 f.p.m., with its lower run dipping 
into a tank with hoppers U, E, ./, K, in which water level is adjusted by 
weirs L\ and a curved bank M of flat magnets of alternating polarity, 
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set side by side transversely of the belt, mounted so that the pole pieces 
rub against the upper side of the lower run. Wet feed pulp introduced 
at H flows into tray C where all particles are brought close to the belt 
and the magnet bank, which is strongest in this region. Pulp and 
selected magnetic material brushed along by belt B travel in the same 
direction at approximately the same speed throughout the length of 
tray C. On arrival at hopper D the cross-section of the pulp stream 
increases abruptly, and its forward velocity correspondingly decreases. 
Baffles F are placed to prevent the surface water in D and E from being 
carried along by the drag of the belt. This causes this water to exert 
a drag resistance on the downlooping stream of material being carried 
along by the belt as in Fig. 4, item E, and serves to disentangle the part 
least strongly attracted, i.e., the tailing. The magnetic field over D is 
also decreased somewhat in strength. The material thus dropped, 
together with material never picked up, discharges from the bottom of 
D. Field strength is again decreased over hopper E, and further 
material, higher in assay than that dropped in D, discharges from this 
hopper. The stream of concentrate emerges from the water at the 
lower end of the shallow tray connecting E and J , and strong water 
sprays G are directed against it over J to remove the last of the more 
lightly held material. Concentrate drops off beyond the end of the 
magnet bank into K. 

This machine is made with belt widths of 8 to 54 in., and corresponding 
rated capacities are 0.5 to 80 t.p.h., treating unsized magnetite ores at a 
maximum of about 4.5-mm. Power draft in such service is from 0.75 
to 5 hp. Attendance and maintenance are low. 

Nonmagnetic and weakly magnetic minerals containing iron, e.g., 
pyrite, hematite, limonite, siderite, and some complex sulphides such as 
chalcopyritc and bornite can be rendered magnetic by roasting that 
converts them superficially or completely to FejSs or Fe 3 04 . The 
extent and character of the change depend upon the reducing or oxidizing 
character of the gaseous atmosphere, the temperature, particle size, 
and, of course, the mineral being roasted. Particle size in roasting 
should, in general, be less than 24-in.; if close control of degree of con¬ 
version is necessary for the subsequent separation, the material to be 
roasted should be closely sized. Fuel requirement is 5 to 10% of the 
weight of the ore. The capacities of present furnaces are relatively 
small, and attendance is correspondingly high. Costs are, therefore, 
too great, at present to just if y such treatment except for products of 
high unit values, such as concentrates, where marked enhancement in 
value is attainable by the subseauent magnetic separation. New 
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methods of roasting that give good promise of high capacity and reduced 
costs are, however, in development; if pilot promises are fulfilled, the 
commercial availability of this method of producing magnetically 
separable feeds will be wholly changed. 

Magnetic separation of minerals of high attractability produces 
high-grade concentrate and a tailing that is relatively low in free magnetic 


Legend for Fig. 7 

!• Grizzly, 6-in. spaces. 

2 . Coarse crusher. 

3. 2 <§> 5 X 12-ft. 2-deck Ty- 
rock screens, 1^4“ and J4-in. wire 
cloth. 

4 . Intermediate crusher. 

5. 2 as (3) but with 94“ and 
J4-in. cover. 

6. Pulley-type magnetic sepa¬ 
rator. 

7. As 6. 

8. Fine crusher. 

9 . 2 @ 5 X 12-ft. Ty-rock 
screens, 14-in. cover. 

10. As 6. 

11- Crockett magnetic rougher. 

12. 3 X 8-ft. Ty-rock screen, 
10-mesh cover. 

13. 8 X 8-ft. grinding mill. 

14. Crockett magnetic cleaner. 



Fio. 7. Flowsheet (segregated-forin) for a n 


ill ire 


ting magnetite ore. 


mineral. Tailing assay decreases on closely sized feeds with decrease 
in particle size, owing, of course, to the decrease in locked middling. 
It normally does not pay to regrind this material to free the magnetic 
mineral because of the generally low unit values of magnetic 
concentrates. 

A flowsheet of a separating mill for a magnetite ore is shown in Fig. 7. 
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Note that the pulley-type separators 6, 7, and 10 receive short-range 
feeds and make one finished product (tailing) only. The enriched 
material is crushed to free more mineral, and the long-range product 
together with a similar fraction of the original feed is then treated on a 
different type of separator which operates wet and discards further 
tailing. The coarser part of the enriched product of this separator is 
again broken finer and separated into a final concentrate and tailing. 
In a mill treating an ore with valuable mineral of high unit worth, the 
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Fin. 8. An alternating-current 
electromagnet for nonmagnetic sub¬ 
stances (meta-magnet). 


tailing of (14) would usually be further 
concentrated and the low-grade con¬ 
centrate (a locked middling) returned 
to the circuit, probably to (13). 

An electromagnet can be so modified 
and energized that it will not attract 
magnetic bodies within its field but will 
attract nonmagnetic conducting bodies. 
Such a magnet is shown in Fig. 8. 
It comprises an iron core A, a primary 
coil P, a secondary coil aS of many turns 
and crowded toward one end of A, 
and a cylindrical iron shield B between 
P and 5. Coil P is energized by an 
alternating current. On each pulse 
of this current a magnetic field forms 
and fades in the medium surround¬ 
ing P. In so doing the field lines 
can be considered to brush back and 


forth through the body of S. If aS is shorted, pulses are set up in it in 
opposite directions to those in P and themselves set up a secondary 
magnetic field around aS which is vectorially opposite at any instant to 
that around P. A loop of a nonmagnetic conductor such as C near the 
doubly wound pole of A has pulses set up in it by P that are substan¬ 
tially in phase with those in aS. With P an open circuit and S con¬ 
nected with an a-c. generator, if it be considered that the right-hand 
pole of A is magnetically +, the adjacent pole of the magnetic field 
owing to the induced current in C will also be and C will be repelled. 
But if P is connected with the generator and S is short-circuited, the 
separate induced currents in aS and C, being in the same direction, 
produce magnetic fields with like-oriented poles, whence the -J- pole 
of aS is always instantaneously adjacent to the — pole of C and C is 
attracted and held. The body C may be a disk or an irregular particle; 
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its size relative to the diameter of S should not be much less than half 
that shown or very high currents must be used. 

Application to mineral separation has not been accomplished, but the 
possibility should not be overlooked. 


Electrostatic separation depends upon differences among minerals in 
the mobilities of their electron contents when the mineral particles are 
in an electric field. 

An electric field is the space surrounding a charged body. Like a 
magnetic field, it is a seat of potential energy, i.e., it has the ability to do 
mechanical work on bodies introduced into it. It is like a magnetic 
field also in that its properties and effects are related to each other by 
equations of the same forms as those applying to magnetic fields, and 
the quantities that enter the equations are strict analogues in the two 
cases, differing materially, however, in the causative elements. 

The basis of electrostatic effects is the charge. This is the name for 
the state of a body when it is as a whole deficient in electrons (positive 
charge), or has an excess of them (negative charge). The word is also 
applied when the electron distribution at the surface of a single body is 
nonuniform; the body as a whole is then uncharged but its opposite 
sides are charged with respect to their immediate surroundings. 

Materials are classified from the electrostatic standpoint as conductors 
when their electrons are highly mobile, i.e., when they can move from 
point to point on the surface with a very small but finite time lag; they 
are called insulators or dielectrics when the electron mobility is very 
low and the time lag in their movement in an electric field is relatively 
large. Semiconductors form a class with much higher electron mobility 
than the dielectrics, but materially less than that characterizing the 
conductors. In all classes there is a range in the mobilities, but the 


range is 
ductors; 


inappreciable from the separating standpoint for the con¬ 
it is appreciable for the dielectrics. Electron mobilities 


increase in all substances with increase in strength of the electrical field, 
so that with high field potentials even the dielectrics become conductors. 

Among minerals the native metals, the metallic sulphides, and 
graphite are conductors or semiconductors; most of the others are 
dielectrics, with specific inductive capacities ranging from about 3.0 to 
10.0, whereas that of air is about 1 and water 81. 

Electrons can be moved readily on the surface of a conductor and less 
readily on dielectrics simply by bringing them into an electric field. On 
the other hand, removal of electrons from a body requires contact with 
another body (except in the case of high temperatures, with which the 
present analysis is not concerned). This is the explanation of many of 
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the familiar experiments of elementary electricity. Thus the rubbing 
of sealing wax with fur simply results in bringing portions of the fur 
and the wax into intimate contact, whereupon, by reason of the atomic 
and molecular make-ups of the two substances, there is a rearrangement 
in the electronic configurations in both at the interface, resulting in an 
excess of electrons on one side of the interface and a deficit on the other. 
As formerly adjacent portions of the substances separate in the course of 
rubbing, the substances of low dielectric quality, i.e., those in the mole¬ 
cules of which the electrical center of the constituent electrons is less 
removed from the electrical center of the protons, and which have 
therefore the stronger electrical field, remove electrons from the sub¬ 
stance of higher dielectric quality and become negatively charged, 
leaving the other body positively charged. 

When the positively charged member after the rubbing is brought 
near a light uncharged particle which is suspended by an insulating 
thread, the particle is attracted but does not become charged, as can be 
determined if the charged rod is removed and the suspended body is 
suitably tested. If now the charged body is brought back again and the 
uncharged body is permitted to travel into contact with it, the latter 
becomes charged—slowly if a dielectric; rapidly if a conductor—and is 
then repelled. Since like charges attract and unlike repel each other, 
the conclusion is that the side of the uncharged body near the positively 
charged one had a negative charge and that the opposite side was 
positively charged. When contact was made, electrons transferred 
to the positively charged body until the two bodies became like charged, 
whereupon repulsion occurred. 


These movements ol electrons and their different speeds in different 
substances, the forces exerted by electric fields on charged bodies, and 
the characteristics of electric fields are the phenomena which control 
electrostatic separation. 

I he same general concepts and aids to visualization are used in 
analyzing electrical fields as for magnetic. Field-intensity vector E is 
the analogue of the magnetic-intensity vector //; a vector quantity D , 
called displacement or induction, corresponds to the magnetic flux B 
and is numerically equal to the surface density of the charge (cr). 
Both E and D are represented graphically by lines drawn suitably in 
relation to the bodies involved so that they represent vectorial action 
lines and, by their spacings, vectorial magnitudes, the latter differing 
for the two quantities by a constant multiplier according to the equation 
= KE. The same properties of longitudinal tension, lateral repul¬ 
sion, and attachment at the interface between different materials are 
attributed to these lines as in the study of magnetic fields. But the 
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attributes in the two cases differ in that, whereas the magnetic lines are 
conceived of as forming closed curves in all cases, the electrical lines are 
conceived to start and end on a charge, i.e., on an interface. 

The magnetic substance-characterizing constant ^ is replaced in 
electrostatic analysis by the dielectric constant K. This constant is 
conceived to be a relative measure of the response of the electrical 
components of matter to an electric field, such response comprising 
displacement of the electrical centers of the electrons and nuclei of the 
component atoms so as to form electric dipoles (polarization). Its 
numerical significance is that E in space occupied by a given dielectric 
is 1 /K times what it would be for the same charge in a vacuum, or in 
another view that the tension in the force lines is 1 /K of that in a 
vacuum. 1 he quantity /v 0 is the dielectric constant of empty space 
and has the value of 8.8G-10~ 14 coulombs per volt-cm. or farads per cm. 

Polarization in dielectrics causes them to set up electrical fields of 
their own which increase the electrical strain between them or their 
seats and the field itself. 1 his induced field in dielectrics persists for 
sensible times. Another result of polarization is the production of a 
surface charge on the dielectric. Such a free charge at an interface 
between substances of different A'-values in a field results in a force 
normal to the surface directed toward the substance of lower dielectric. 
The magnitude of this force per unit of area of affected interface is 
numerically equal to the energy density S, i.e., 

V = S = $K 0 KE 2 (21) 

When a substance of greater dielectric constant than the material 
in an electrical field is introduced into the field, the force-field (D) lines 
concentrate through the body in the same way that the magnetic- 
force lines concentrate through a body of higher permeability (see 
Fig. 2). The converse is also true. 

Inhomogeneity of field is essential to the setting up of translatory 
force on a dielectric introduced thereinto. By use of Eq. 21 in a de¬ 
velopment completely parallel to that used in developing Eq. 19, the 
magnitude of the translatory force on a body of dielectric constant 
in a medium of constant Km may be shown to be 


F t = K 0 VE(Ku 



( 22 ) 


and its direction to be toward the region of greater field intensity. 

For a conductor (Kn = co ) Eq. 22 does not apply, as is apparent 
when the substitution is attempted. Electric-field lines do not enter 
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conductors. For them Coulomb’s law in the form 



glg2 

l 2 


(23) 


shows the factors involved and the direction of their effect on the 
translatory force, q denoting charge, but for k = 1 the assumption is 
that point charges are involved, whereas the magnitude of k for any 
practical application in an electrostatic machine is entirely unknown. 
Hence empiricism is the necessary basis of the design of such machines, 

but Eqs. 22 and 23 give valid 
basis for analysis and prediction 
of the effects of changes in oper¬ 
ation of a given machine. 


The heart of an electrostatic 
separator is, of course, the sep¬ 
arating zone. This is the region 
at or closely adjacent to the sur¬ 
face of quadrant B (Fig. 9) of a 
grounded brass roller A revolv¬ 
ing as indicated. A comb-like 
electrode C , normally at a high 
negative potential, repels electrons from A and thence through ground 
wire G to earth. Roller A thus becomes and is maintained positively 
charged. A mixture of mineral grains, usually of short size range, is fed in 
a thin stream near the top of the roll with an impulse to the right. Con¬ 
ducting particles (black) either come into contact with the roll surface by 
giavity or are drawn to it by reason of the coulombic attraction in that 
direction resulting from the rush of their surface electrons to the side away 
from C and toward A, the respective repulsion and attraction of these 
bodies both being effective. When these particles strike A, their sur¬ 
face electrons immediately go to earth, leaving them positively charged. 
They are thereupon repelled, as shown. The dielectric particles 
(white) become polarized in the field of C with the electron centers of 
their atoms displaced toward the roller side of the particles. But their 
surface electrons, being very slightly mobile, do not leave the surface 
rapidly or in appreciable quantity and flow to the ground, so that the 
negative character of their sides toward the roller is maintained. They 
consequently are pinned to the roll and carried along as indicated. 
Particles of high dielectric constant and those semiconductors of low 
conductivity (dashed circles) lose their polarity or lose electrons, 
respectively, quickly enough to be dropped or repelled into box Z>, 



separator. 
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whereas those of low dielectric constant may be pinned long enough to 
be carried around to brush or scraper E. 

Variants on the basic separating scheme include the introduction of 
accessory electrodes to modify the shape, distribution, and intensity 
of the field and to provide for repetitive treatment by way of cleaning, 
scalping, or scavenging, but the essence of the separating method in 
all is that shown in Fig. 9. 

Reversibility is a term used in empirical electrostatic work with 
minerals to denote the fact that within a given range of electrode 
potentials and field-exposure times certain minerals which act as 
dielectrics at short times and/or low potentials reverse their behavior 
when the intensity of the treatment passes a certain point, i.e., they 
become sufficiently conductive to be repelled from the grounded roll 
at a distance that permits practical separation. Some show this 
behavior when the grounding roll has a positive charge, and some when 
the roll charge is negative. Hassialis postulates that all minerals 
would show both changes if the range of severity of treatment were great 
enough, and that the observed voltages at which the conducting be¬ 
havior first appears, taken with the roll polarity, simply indicates that 
there is a difference in the ease with which the mineral takes up or gives 
up electrons. Johnson calls minerals that give up electrons within the 
range of his testing and so become positively charged, reversible posi¬ 
tive; those that accept electrons, reversible negative; and those that 
show no change up to an imposed potential of 18,000 volts at his stand¬ 
ard exposure time, nonreversible. About one-third of the sixty-odd 
minerals tested exhibited the phenomenon, and of these about two- 
thirds were reversible positive. As might be expected, the percentage 
incidence of the change increased with increase in voltage. 

Because of the direct relation between field force and particle volume, 
the larger particles of a given mineral in a mixture of sizes deviate more 
from the normal trajectory of particles leaving the feed roll than the 
smaller do, and a quite definite rough sizing can be thus effected. 

The usual machine consists of a battery of rollers with gravity flow of 
middlings from one to the next for repetitive treatment. Rollers are 
normally about 3-in. diam. by 8 ft. Speeds range from 50 to 300 f.p.m. 
Potential of the charging electrode ranges from 15,000 to 20,000 volts, 
feed-particle sizes range from 10 to 150-mesh in short-range steps, 
feeds must be deslimed, washed, and dried and are best treated at 
temperatures in the range of 150 to 180 deg. F. Coatings of slime 
particles, salts from the water, or moisture alter particle behavior 
unpredictably. Purposeful coating, as with flotation reagents (see 
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Chap. 14), is reported to produce controllable effects but is not yet 
common practice. Operating costs of the separating process itself are 
moderate, but the cost of preparation of the feed is so great that to date 
use of the process has been confined largely to low-tonnage specialty 
products selling for sufficiently high unit prices to stand it. The 
process has the advantage that, owing to the wide range in conductivities 
and dielectric constants of minerals, separations are possible that cannot 
be made by other processes. 

Review questions 

1. Define: a “complete” equation; permeability; magnetic field; magnetic-field 
intensity; magnetic lines of force; magnetic attractability; pulley-type magnetic 
separator; induction-type magnetic separator; belt-type magnetic separator; elec¬ 
tric field; charge; conductor; dielectric; semiconductor; field intensity; electro¬ 
static induction; dielectric constant; electrostatic polarization; electrostatic clean¬ 
ing; scavenging; reversibility; field effects. 

2. What are the common characteristics of the separating forces in magnetic and 
electrostatic separation? What accessory forces are utilized in (a) magnetic sepa- 
ration; ( b) electrostatic separation? 

3. What is the present theory as to the material change in matter that ac¬ 
companies the exhibition of magnetism by a body? What is the cause to which the 
change is attributed? 

4. State the general method of attack by dimensional analysis in the formulation 
of an equation of relationship between physical factors in a given phenomenon. 

•5. \\ hat basic assumption is made in setting up the starting equation in a dimen¬ 
sional analysis? 

G. What structural feature is essential in a magnet to be used for mineral sepa¬ 
ration? 

7. Name the variables that control the translatory separating force in a magnetic 
separator, and state the nature of the effect of each upon the force. 

8. What is the mathematical significance of permeability? 

9. What significance is attributed to the streak grouping of iron filings in a mag¬ 
netic field? 

10. What properties are attributed to lines of magnetic force? 

11. What effect on the force lines in a magnetic field is produced by introducing 
a permeable body into the field? 

12. What causes clumping of magnetic particles in a magnetic field? 

13. How does introduction of an iron plate into the field between the poles of a 
magnetic separator affect the action of the magnet on a particle of a magnetic mineral? 
Explain. Is the same effect caused by similar plates of other material? 

14. What is the function of the core in an electromagnet? 

15. What minerals are most susceptible to magnetic separation? What common 
feature of the minerals correlates with this susceptibility? Is this correlation broadly 
valid? Can pyrite be separated from quartz magnetically? 

10. What assumption is made concerning magnetic lines of force to explain the 
tractive effect of a magnetic field on a permeable mineral particle? 

17. Name the lead-in and lead-out forces in the various separators shown in 
Fig. 4. 
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18. Name the forces acting on the particles in the separating zone in the separators 
shown in Fig. 4. 

19. How is magnetic separation affected by the medium in the separating zone? 

20. Explain the effect of particle size in magnetic separation. 

21. Name the operating variables in a Wetlierill separator and explain the effect 
of each one. 

22. What is the normal upper limit of feed size to a high-intensity magnetic 
separator? Is there a lower limit? 

23. What advantage has a Crockett separator over a dry belt-type separator 
(Fig. 4, item E) in the treatment of fine feeds? What is the purpose and what the 
effect of the alternating polarities in these machines? 

24. Explain the difference in power consumption in the Wetlierill and Crockett 
separators. 

25. Why does roasting render certain minerals magnetic? What minerals are 
susceptible? 

26. State the general plan of treatment in a mill treating a magnetite ore. 

27. What is the basis of electrostatic separation? 

28. What characteristic of an electric field is useful in electrostatic separation? 

29. What minerals are classed as conductors in electrostatic separation? 

30. Why are conductors readily charged? 

31. Explain charging by rubbing sealing wax with fur. Which body generally 
becomes negatively charged in such rubbing? 

32. Explain successive attraction and repulsion of an initially uncharged mineral 
particle by a charged body. 

33. Where is the charge on a conductor? 

34. Discuss the analogy and difference between electrical lines of force and mag¬ 
netic lines of force. 

35. What is the effect of polarization of a particle on the field that produces the 
polarization? 

36. What is the effect on the force lines of an electric field when a dielectric is 
introduced; when a conductor is introduced? 

37. Discuss the utility in electrostatic separation of Kqs. 22 and 23. 

38. Describe the specific force's acting in the separating zone of an electrostatic 
separator and the way in which these forces come into being and affect the motions 
of the particles. 

39. Explain why electrostatic separation is ineffective in treating very fine 
sizes. 

40. Give reasons for the careful preparation of electrostatic feeds. 

f41. Show that, when V is taken as the product ///, = a 1 and 

= Const. M V ] ’ l H Y. Test this value of I' rn against the experimental facts. 

42. The feed to the plant of Fig. 7 assays 15% Fe; concentrate assay is 03% and 
tailing 4%. How many tons are rejected per day as tailing from a feed of 5,000 tons? 
How much iron per day is sent down the tailrace? If feed contains 1% moisture 
and concentrate 6%, and both are salable at a point 10 mi. distant from the mine, 
with a flat freight deduction of \c per ton-mile, what is the daily freight saving for 
milling at the mine? 

t43. Set up an equation analogous to Eq. 2a for the force exerted by an electro¬ 
static field on a dielectric. 

t !4. Develop Eq. 22. 
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Chapter 5 

INTRODUCTION TO SEDIMENTATION 

These facts are commonly familiar: that a feather and a bullet fall 

at the same rate in a vacuum despite the uneven race they make if 

thrown together out the window; that sawdust floats and sand sinks 

in a pail of water; that the texture of stream and river bottoms gets 

progressively finer from source to mouth; that a lead sinker anchors a 

float more quickly than a pebble of approximately the same size does 

All these are uncontrolled manifestations of the gravitational and 

fluid-resistance forces that, controlled, are widely used in mineral 

separations and in separations of solid and fluid phases in ore-dressintr 
plants. 

The general form of the laws that govern the relative movements of 
particles and fluids and of particles of different sizes and weights is well 
known, and the exact rules are known for certain conditions. Under¬ 
standing of these laws is essential to substantially all ore-dressing 
separations. Knowledge of their derivation is a major aid to their 
understanding. For that reason no apology is forthcoming for devoting 
this entire chapter to study of conditions that, in the idealized forms 
considered, are practically never met in commercial operations. 


Sedimentation, in a narrow sense, is gravitational settling of solid 
particles in a fluid medium. Technologically, however, the driving 
lorce may be any force which acts at a distance, e.g., centrifugal or 
electrical or magnetic as well as gravitational; the settling may be in 
any direction, as the rise of gas bubbles in stationary water or the sub¬ 
stantially horizontal movement of suspended particles in a vertical- 
spindle centrifuge; the particles may bo solid, liquid, or gaseous, so 
ong as they comprise a discrete phase in the suspending fluid; and finally 

e suspending medium need not be a true fluid but may be and often 
is itself a suspension. 

For purposes of analysis, the simplest case is that of a single particle 
moving under the action of gravity in a body of stationary fluid of 
in mite extent. Such movement is called free-settling. Experiment 
ias shown that for all practical purposes the condition of a “fluid of 
in mite extent” is essentially satisfied if neither the walls of the vessel 
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containing the fluid nor other suspended particles approach the particle 
under consideration closer than 10 to 20 diameters of that particle. 

The results of an extensive experiment with mineral particles free- 
settling in water under the action of gravity are shown in Fig. 1. Con¬ 
fining attention for the moment to the points representing average 



Fig. 1. Free-settling of quartz and galena in water (after Richards ) vs. experimental- 

sphere curve (ESC). 


grain sizes and average velocities, it may be seen that for each of the 
minerals a smooth curve averaging the experimental points would have 
three distinct sections: an upper straight section with a slope approxi¬ 
mating 0.5, a lower straight section with a slope of about 2, and an 
intervening curved section. Theoretical analyses, presented below, 
confirm that coarse particles settle with velocities that vary as the 
square root of the particle “diameter,” and that for fine particles the 
velocities are proportional to the square of the particle diameter. For 
particles in the intervening size range theoretical analysis has not been 
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successful; Fig. 1 shows, however, that settling velocity is a variable 
function of the diameter. 


Development of the straight-line relationship for the coarse particles 
was first in point of time. As carried out by Newton, it consisted in 
separate derivations of general expressions for the gravitational force 
acting on the particle and for the corresponding fluid resistance. These 
were then equated for equilibrium conditions. 

For simplicity, and because of the ease of experimental check, a 
spherical falling particle is considered. For such a particle the net 
gravitational force acting is, by Archimedes’ principle, 

F„ = mg — m'g ( 1 ) 

where m and rn are the masses of the particle and the fluid that it 
displaces, respectively. For spherical masses Eq. 1 becomes 



The following four assumptions underlie the Newton evaluation of 
fluid resistance: (1) that the particles of fluid into which the body 
moves are at rest but free to move; (2) that collisions among them, and 
between them and a body moving through them, are elastic; (3) that 
the cross-section of the volume of fluid swept out by a body moving 
through it is equal to the projection of the body on a plane perpendicular 
to its line of motion; and (4) that the resistance to the body is the 
same as it would be to a flat plate with the shape and orientation of this 
assumed projection. On these assumptions such a plate will, in time t, 
move a mass m of fluid out of its way, and in so doing will impart to 

each element of the fluid a velocity proportional to its own velocity v. 
Then 


m" = kpAvt ( 3 ) 

where A is the projected area of the body in the direction of its motion, 
and k is a proportionality constant. The resistance It N is equal to the 
momentum transferred per second to the water, or 


Rk = ^ = kpAv 2 



It is instructive to throw Eq. 4 into what may be called an 
form: 




energetic 


(5) 
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in which, by comparison with Eq. 4, D = 2k. In Eq. 5, pv 2 /2 has the 
dimensions of kinetic energy per unit volume of liquid. Quantity D is 
dimensionless and its value is independent of the units employed. It 
is called the specific resistance or drag coefficient.* 

Experiment has shown that D is not a constant but varies with the 
shape of the body and, with nonsymmetrical shapes, with the orientation 


Table 1. Values of drag coefficient* 


Shape 

Dimensions 

Orientation 

D 

Circular platef 

Square platef 
Rectangular platef 
Rectangular platef 
Rectangular platef 
Rectangular platef 
Cylinderf 

Cylinderf 

Cylinderf 

Thin 

Thin 

Thin; l — 4to 

Thin; l — 10u> 

Thin; l = 20w 

Thin; l = 100ia 
l = d 
l = 1.5 d 
l = 5 d 

’ 

Plane surfaces 
perpendicular to 
line of motion 

1.08-1.24 

1.12-1.26 

1.14-1.19 

1.29 

1.45 

Nearly 2.0 
1.1 

0.80 

0.7 

Cylinder 

l = lOOrf 

Axis perpendicular 
to line of motion 

0.9—1.2 

Cylinder with right- 
conical nose 

Cylinder with curved 
nose faired on 

Cyl., 1 = d ( 

Nose 60° apex angle 

Cyl., 1 = d ^ 

Nose pointed 1 

* 

Nose ahead; axis 
• on line of motion 

0.44 

0.22 

Tear drop with 
pointed end faired 
Sphere 

l = about 4 d 

Point behind; axis 
on line of motion 

0.044 

0.42-0.45J 


* Determined principally from work with large bodies in air. Mostly after Eiffel, 
t Sharp-edged. $ Average from Fig. 3 = 0.35. 


of the body to the direction of relative motion of body and fluid. Values 
of D for various geometrical shapes and orientations are shown in 
Table 1. 

Experiment shows that, when the medium is water, substantially 
constant velocity, indicating equality of F 0 and R N , is attained in a very 
small fraction of a second. Setting Eqs. 2 and 5 equal on this basis and 
solving for v gives 



* In British technical literature, in contradistinction to that of the United States, 
Austria, Germany, and Italy, the drag coefficient has the value D/2 = k. 
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in which the subscripts confine applicability to spherical particles and 
the development to velocities at which the fluid resistance is wholly 
inertial. This is the range of the upper straight-line portions of the 
curves on Fig. 1. 

The usual form in which the relation between v and d in this Newton 
range is used in ore-dressing problems is 


v = A ld(^ 

* P 

in which 




(7) 

( 8 ) 


where a is a factor relating particle volume to diameter and has the 
value % for spheres. The value of A for galena from Fig. 1 averages 
32, and for quartz 27. 

For any given solid and fluid Eq. 7 has the general form y = kx H . 
Taking logarithms, this is 

log y = \ log x + log k 

which plots as a straight line with slope 0.5 on logarithmic paper. The 
full-line curves of Fig. 1, which portray the results of many careful 
experiments with spheres, have this slope at their upper ends and to that 
extent supply pragmatic justification for the Newton development. 

Stokes, using a method of mathematical analysis that goes far beyond 
the mathematical background of most engineers, derived a statement 
for the resistance offered by a fluid to the motion of a sphere on the 
assumption that, when the relative velocity is very small, inertial 
effects are negligible and the entire resistance may be charged to the 
internal friction (viscosity) of the fluid. This statement is given 
in Eq. 9. 

Rs. a = Sirdvv (9) 

Both the Stokes and Newton statements for fluid resistance may be derived by the 
method of dimensional analysis. Everyday experience would lead to listing the 
following items as probable pertinent variables: 

1. Resistance increases with the area, transverse to the direction of motion of 
the moving body. Compare, for example, the resistance of water to the rapid 
motion of the hand through it when the palm leads or the edge leads. 

2. Resistance increases with increase in the relative velocity. Compare rapid 
and slow movements of the hand, palm forward, in water. 

3. Resistance increases with increase in density of the fluid. Compare the 
resistance to similar motions of the hand in air and in water. 

4. Resistance increases with increase in the viscosity of the fluid. Compare 
similar stirring of water and, say, coal tar or molasses. 



74 


INTRODUCTION TO SEDIMENTATION 


[Chap. 5 


5. Resistance varies according to the shape of the body. Compare the cupped 
hand moving at the same rate in water palm-forward and knuckles-forward. 

6. Resistance varies according to the orientation of the body. The experiments 
of 1 and 5 apply equally here. 

Persistent search has failed to reveal any other relationships than those stated 
above, and the complete relationship, therefore, is expressed as well as we know by 
the statement that fluid resistance to the movement of a discrete body is a function 
of the density and viscosity of the fluid, the shape and orientation of the body, its 
projected area in the direction of motion, and the relative velocity, or 

= 0 ( 10 ) 

and n = 7. (See text following Eq. 2a, Chap. 4.) 

The dimensions of the Q-variables in Eq. 10 are: 

R Force. MLT ~ 2 . 

A Area, but usually expressible as “diameter,” d, which has the dimension L. 

v Velocity. LT *. 

p Density. M L~ 3 . 

v Viscosity. ML~ l T ~ l . 

+ Shape, is capable of specification in terms of a linear quantity (dimension L) 
for certain regular bodies, but there is no general form of specification to which 
a general dimensional expression can be assigned. Hence for purposes of the 
present analysis it must be treated as a pure number, i.e., the solution must 
be limited to a particular shape. 

<f> Orientation is likewise incapable of dimensional specification with present 
knowledge and must similarly be held constant. However, by specifying 
spherical shape, constancy of orientation follows. 

Equation 10, limited to spheres, may be rewritten 

H/(f?,d,y,p,7j) = 0 (10a) 

in which E is a constant denoting spherical shape and consequent unvarying orienta¬ 
tion. The value of n is now 5, and from the dimensions above m is 3. 

The limitation on choice of Q -variables (see Chap. 4) is satisfied by choosing one 
denoting length, one motion, and one a fluid property, say, d, v, and p. This leaves 


R and t? as the characterizing (1 J X ) terms. 

There are n — in = 2 </-terms derivable from Eq. 10a. 

Ji = d a ‘v0' P u 'R~ l (10b) 

J 2 = d a ^p^ v ~ l (10c) 

The dimensional equations are: 

J i: M°L°T° = L ai (LT~~ l )P l (ML— 3 ) u> ' (Af LT~ 2 )~ l (10d) 

Ji : M°L°T° = 1 (lOe) 

The exponent equations are: 


For Af: 0 = «i — 1 

For Ij\ 0 = cx\ “f" Pi — 3coi — 1 

For T: 0 = -p x + 2 
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whence, by simultaneous solution, on = 2, 0, = 2, and on = 1. Similarly, from 

Eq. lOe, oc 2 = 1, 02 = 1, and a >2 = 1. Substituting these values of the exponents 
in Eqs. 10b and 10c, 


'tJ 

il 

iH 


(I0f) 

and 

j 2 _ ^ 

V 


(log) 

Then from Eq. 10a 

/ d 2 v 2 p dvp N 

A R 'vs 

) =0 

(lOh) 

If T is any pure-number root of Eq. lOh, 

R = r Sd*v 2 p-f'( 

< v / 

(11) 

Equation 11, expressed verbally, states that the resistance to relative motion of a 


sphere immersed in a fluid body of infinite extent* is the continuing product of a 
constant TH involving shape and orientation, the square of a dimension cl of the 
body which defines its cross-section normal to the movement, the square of the 
relative velocity, the density of the fluid, and some function of a quantity dvp/rj. 
Quantification of the constant and determination of the form of f'[dvp/rj) can be 
had only by quantitative experiment. A rough check is possible, however, by 
comparison with the qualitative facts listed on page 73. The equation is clearly 
consistent with facts 1, 2, 3, 5, and 6. It shows also either that for consistency 
with fact 4 the form of /' {dvp/rj ) must be inverse, or that in certain types of relative 
motion (4) is not in truth a fact. 

The procedure followed in relating Eq. 11 to the wealth of experimental data on 
gravitational movement of spheres in fluids is as follows: 

a. The term d~ is expanded to A by taking out of the constant the geometrical 
constant 7r/4 and applying it to the d 2 term. 

b. A further factor is taken out of the constant term and applied to the pv 2 
term, making it pv 1 /2 as in Eq. 5. 

c. The equation is limited in applicability to terminal velocity, v m . (See page 72.) 

Equation 11 then becomes 



(11a) 


and now states that the resistance for a sphere is proportional to the cross-sectional 
area of the sphere, to a kinetic-energy change in the fluid induced by the relative 
motion, and to a function of the viscosity. 

d. Equation 11a is next rearranged by dividing through successively by the con¬ 
stant term and by and then R,,m is replaced by the value for the submerged 

weight of a sphere after Eq. 2. This is justified by the limitation to gravitational 
movement, and the further limitation to constant terminal velocity (i/ m ) f when 

* 1'his limitation enters from the fact that in setting up Eq. 10 recognized dif¬ 
ferences in resistance owing to confining walls were neglected. 
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acceleration is zero and fluid resistance and gravitational pull are equal. Then 

1 3ow 2 _ - ./dv m 


_ _ 3pv 2 

(TH)' = 4 gd{8 


,/ dv m , a p \ 

- p) V r? / 


, f 4gd(8 — p)“| {dv m ,,p\ 

~ F L-w_. J - f 


where 


and 


3py 2 

= F'(/>.)•/'(AT) 


D. = 


N = 


4 gd (8 — p) 
3 pv 2 


m.e 


dv 


m,«P 


(Hb) 

die) 

( 12 ) 

(13) 

(14) 


The story of Eqs. lib and 12 is that the product of two functions is a constant. 
At this stage the constant is unknown and is dependent on the form of the functions. 


to 6 


/ o s 


/ o 4 


a 

I 

“O 


/ o 




/o* 


/o 


to 



-1 

/o 


Fig. 2. Drag coefficient vs. Reynolds number in free-settling of spheres (ESC) 


Standard procedure in this juncture is to perform experiments in which the variables 
contained in the functions change, assign convenient forms to the functions, and plot 
the results. This could not be done in the case of Eq. 10, Chap. 4, because experi¬ 
mental data were not available. But plentiful data are available for the gravita¬ 
tional free-settling of spheres in fluids. Figure 2 shows them plotted with D, of 
Eq. 13 as ordinates and A r of Eq. 14 as abscissae. 

e. I he data plotted cover a range in particle density from air (1.29 • 10 -3 gm. 
per cc.) to mercury (13.55) and include gases, liquids, and solids; the densities of the 
media range from colza oil (0.917) to aniline (1.04) and the viscosities from water 
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(0.014 poise) to castor oil (6.53); sphere diameters range from 0.07 cm. for air to 
0.8 cm. for steel; the velocity range is from 0.014 to 133 cm. per sec., yet one con¬ 
tinuous curve expresses the relationship throughout the range. 

The significance of this experimental curve lies in its demonstration that, when¬ 
ever, in relative movement of a solid and a fluid, such a condition exists that the 
ratio dvp/tf has a given value, the quantity kgd{6 — p)/pv 2 has a concomitant value, 
in which k = % when the surface of contact between fluid and solid is spherical. 
That the quantity dvp/rj denotes the character of a fluid flow was discovered by 
Osborne Reynolds and in recognition is called Reynolds’ number. The con¬ 
comitant quantity, having the apparent dimensions of force per unit mass per unit 
acceleration, is the drag coefficient. 

/. The expression for that part of the curve lying to the left of N = 0.9 (approx.) 
is that of a straight line, y = px -+- 6, where 

4gd(S — p) 

y = log D = log ——5 - (by Eq. 13) 

opv m,a 

x = log N = log dVm * p . (by Eq. 14) 

v 

V = — 1 (slope) (by scale) 


whence 


b = 1.38 (^-intercept) 


(by scale; axes 
through log 1 = 0,0) 


log 


4gd(S — p ) 


3 P v 2 


1.38 - log 


dv m ,.p 


m,a 


1 0 4 1 dv "-*p | 24*7 

log 24 — log- = log -- 

V dVm.aP 


(15) 


Taking antilogarithms, dividing the resulting equation through by Eq. 2 (applying 
the right-hand side of Eq. 2 to the left-hand side of Eq. 15), and clearing gives 


F 0 = SirdVm ,aV 


(15a) 


But the condition underlying limitation to v m was that F 0 = whence 

= 3 7T dv m , i , 3V 



This constitutes an experimental confirmation of the Stokes theoretical development, 
wherefore the subscript S was appended above to denote coverage for the Stokes 


range. 

Equating the value of Rm.i.e 
lor Vm.a.H gives 


from Eq. 9 to that for F 0 , t 


v m.a, 8 


gd 2 (S — p ) 
ISrj 


from Eq. 2 and solving 


(16) 


g. The Newton equation for velocity (Eq. 6) may be developed similarly from 
Fig. 2 by generalizing that part of the curve to the right of iV = 2,000 in the form 
y = Const. 

h. It has proved impossible to date to write a similar expression for that part of 
the curve of Fig. 2 that lies between N = 0.9 and N = 2,000. Nor has it been 
possible by other means to reduce Eq. 11a further for this region. But experiment 
and general experience, and consideration of the forms of Eqs. 5 and 9 and of the 
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shape of Fig. 2, lead to the conclusion that such an expression will involve both p and 
v to powers that vary with N —which is to say, with relative flow conditions—- 
between the limits of 1.0 and 0 for tj and correspondingly of 0 and 1.0 for p. In 
other words, the relative motions of discrete particles in fluids under gravitational 
force are opposed only by the internal friction of the fluid to the first power when 
velocities are low, and only by the inertia of the fluid to the first power when veloci¬ 
ties are high, but in the intermediate range both the internal friction and the inertia 
contribute, to extents that vary in inverse fashion. 

From a practical standpoint the problem now is to devise a chart that is convenient 
for use throughout the intermediate range. 

Examination of Fig. 2 shows that entry can be made on an ordinate derived from 
known values of d, v, 8, and p, and that from the corresponding value of A r the value 
of v can be calculated. This is, in fact, the method employed with falling-ball 
viscometers. But if one desires to enter with either v or d known and solve for the 
other, the method is indirect and laborious, because both quantities are parts of both 
ordinate and abscissa. The specific problem, then, is to find functions from which 
one or the other of these quantities is eliminated, that one being eliminated which 
will consititute the unknown sought by use of the resulting chart. 

Inspection of Eqs. 13 and 14 shows that d is eliminated from the function 

D 4g(8 — p)tj 

N ~ 3pV m ,. (17) 

or its reciprocal. This permits entry with known values of v to determine the cor¬ 
responding values of d. In most ore-dressing problems, however, the value sought 
is the falling velocity of a particle of known size. For this v should be eliminated 
from the entry function. Such a function is 


B = N 2 D = -*> 

3„ 2 


(18) 


Figure 3 is a plot of B against N . 

The foregoing development, beginning with the paragraph following 
Eq. 9, is an excellent example of the utility and power of the method of 
dimensional analysis. F or convenience, the generalized steps of a 
campaign to analyze a given phenomenon may be summarized. 

1. Delimit and define the phenomenon precisely. (In Chap. 4 it 
was the force exerted by a magnetic field on a magnetic particle in that 
field not the entire and more complex problem of magnetic separation. 
In this chapter it was the resistance of a fluid at rest to relative motion 
of a single discrete body within it—not, for example, the practical 
problem of relative velocities in a mass of particles of different sizes, 
densities, and shapes in fluid in motion. Admitted that the latter is the 
practical problem. It is also so complex that not even a start can be 
made on it treated as a whole.) 

2. List all the variables that experience—quantitative, semiquantita- 
tive, or purely qualitative, it makes no difference—shows affect the 
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ESC curve. Reynolds number vs. Castleman function for spheres (for determining v when given 
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magnitude of the delimited and defined phenomenon. (See the num¬ 
bered paragraphs on pp. 73 and 74.) 

3. Follow the formal mathematical procedure outlined in Eqs. 1 to 9 

Chap. 4, and 10 to lOh, Chap 5. * 

4. Perform quantitative experiments involving the variables that 
appear in the dimensionless products in the function of the final equation. 
Plot the results, using the dimensionless products as ordinates. Note 
that if there are only two of these products the graph will be a curve; 
if three, a surface, etc. 




Fig. 4. Streamlines in viscous (A) and turbulent (B) flow. 


5. Handle curves as in the development of Eq. 15. If a surface 
develops and is modeled, limited equations may be possible for planes 
parallel to the plane of two of the model axes. 

6. If equations for curves or surfaces cannot be written, the plotted 
data may still be made useful by the method of Eqs. 17 and 18. 

Further understanding of the nature of fluid resistances is to be gained 
by study of the streamlines of a fluid in flowing past a body immersed 
in it. Two cases are shown in Fig. 4. In item A (Stokes range) the 
idative motion is very slow, and the flow is designated viscous or 
streamline. In item B (Newton range) the flow is rapid and is char¬ 
acterized by eddies behind the body; such flow is designated turbulent. 

Experiment shows that pressure in the eddy region is lower than it is 
in front of the plate. By Bernoulli’s theorem, pressure and velocity 
in a horizontal stream in uniform flow are related by the equation 

pv 2 

V + ~ 7 T = Const. 

a 

whence it follows that 

Pi ~ P2 = %pi'2 2 - hpv-f (19) 

where the subscripts 1 and 2 denote front and back of the plate, respec- 
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tively. The statement of this equation is that in passing around the 
plate potential energy of noneddying flow has been transformed into 
kinetic energy of the fluid in the eddies. 

By definition, R/A varies as p x — p 2 - From this and Eq. 19 

R = ( y 2 2 - Vy 2 )A = k A (20) 

Experiment shows that k in Eq. 4 is substantially constant for measured 
resistances of a body of given shape and orientation over a considerable 
range of v. Experiment also shows that Ay in Eq. 20 varies with v x . 
Hence, taking Eqs. 19 and 20 together, it follows that fluid resistance in 
turbulent flow is due primarily to the difference in pressure front and 
rear of the immersed body, integrated over the body and resolved 
along the line of flow. 

With noneddying flow (Fig. 4, item A) there is no measurable pressure 
difference on the two sides of the immersed body. The entire resistance, 
therefore, is that offered by the fluid to the sliding past each other of 
successive sheaths of fluid, starting with one immobilized at the surface 
of the body and ending with another similarly immobile at the walls of 
the container. This is the viscosity which develops as the only fluid 
property in Eq. 9. 

The major importance of shape and orientation, which factors were, 
in effect, neglected in the development from Eq. 10, is made apparent 
qualitatively by observing the relative rates of fall of a playing card 
in its normal and in a bunched-up state, when dropped through a 
considerable height from a window. Quantitatively the same thing 
is demonstrated by comparison of the full curves of Fig. 1 with the 
scattered points. These curves are plotted from Fig. 2, whereas the 
scattered points are the results of experiments with actual mineral 
fragments. The mineral points do not represent as carefully controlled 
experiments as do the sphere curves, because of the impossibility of 
defining d precisely for mineral fragments. Yet in the sizes nominally 
coarser than 1 mm., the fastest grains, which actually probably had in 
most cases volumes and therefore submerged weights as great as or 
greater than those of spheres of their nominal diameters, settled at 
velocities averaging about 30% less than such spheres. This must be 
charged to shape and orientation. 

Fortunately, from the standpoint of use of the sphere curve in ore 
dressing, the crudity of mill and even of laboratory operations is such 
that the v-d relationship for grains of any mineral turns out to be a 
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broad band rather than a line. Figure 1 shows that the sphere curves 
approximate average grain velocities through the lower intermediate 
and Stokes ranges and so may be used for design and analysis. In the 
upper range, if the engineer wishes to make a concession to the appear¬ 
ance of precision, the data of Fig. 1 are as good a basis as any available. 

It must be clearly understood that the sphere curves apply strictly 
only to single spheres falling under the influence of gravity in a body of 
fluid which is at rest, in a vessel of large horizontal dimensions relative 
to the diameter of the sphere. Experiment by Ladenberg indicated 
that hindering effects do not become appreciable until the ratio d/l 
exceeds 0.045, where l equals the distance of a particle from a wall or 
from other particles. If the fluid is in steady vertical streamline motion, 
the lelative motion of sphere and fluid remains the same irrespective of 
d/l, but the net motion of the particle relative to a fixed point, which is 
what is measured, is the vector sum of the relative particle-fluid motion 
and the motion of the fluid. If the fluid is in turbulent flow (N > about 
2,000), this additive rule is not strictly true, but the departure is not 
great. The above critical d/l ratio defines the limits of free-settling 
in terms of the sphere curves. 


Free-settling in ore-dressing terminology means something quite 
different from the above definition. It implies primarily that, although 
there are many particles crowded into any given horizontal cross- 
section of the settling chamber at any instant, and although they are so 
closely spaced that they affect each other to some extent in settling, 
yet they actually collide infrequently. Under such conditions they may 
still be considered free-settling in the stricter sense, with reservations in 
prediction ol their motion as dictated by the foregoing discussion of 
hig. 1. In other words, if one recognizes, as this figure shows, that the 
settling velocity of a screen fraction, no matter how narrowly cut, has a 
lange and not a point value, he will make sufficient allowance for inter- 


particle effects in practical free-settling. (But see Flocculation, 
Chap. 8.) 1 his same recognition of band rather than line relation 


does away with the necessity for consideration in practical design of 
Wadell’s attempt to define a shape factor. 


1 he settling ratio is a quantity designed to relate the settling char¬ 
acteristics of two different bodies or classes of bodies under similar con¬ 
ditions, or to compare the effects on settling behavior of varying flow 
conditions. The settling ratio is defined as the ratio of the “diameters” 
of equal-settling particles of different densities, i.e., of particles that 
settle with the same velocity under the same surrounding conditions. 
The larger diameter is made the numerator of the ratio fraction, so that 
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the settling ratio is always a number greater than one. The ratio may 
be derived rationally for particles of the same shape by equating the 
expressions for settling velocity for particles of different densities and 
solving the resultant equation for the ratio. Thus, for spheres in the 
Newton range, equating values of v from Eq. 6 for light and heavy 
particles, respectively, and squaring to clear the radicals gives 


from which 


4 gdn{bu — p) 4— p) 

3 P D ~ 3 P D 


Z 


N.e.a 


<Il _ Sjf — p 
dn &L — P 


( 21 ) 


Similarly, for the Stokes range, from Eq. 16, 




( 22 ) 


Since the v-d relation in the intermediate range cannot be expressed 
rationally, no settling-ratio equation can be written for this range. 

Applying Eqs. 21 and 22 to quartz and galena spheres in water gives 
Zu.e.s = 3.03 and Zs.c.a = 1.97. Ratios for actual mineral fragments 
in the case of quartz and galena are greater than for spheres (see Fig. 1). 


Review questions 

1. Define: free-settling; “fluid of infinite extent” as applied to free-settling; 
drug coefficient; “complete” equation; Newton range; Stokes range; Reynolds 
number; streamline flow; turbulent flow; viscous flow; settling ratio; sedimentation. 

2. What are the four assumptions underlying the analytic development of the 
Newton equation for free-settling? 

3. What are the limitations on use of the Newton equation for free-settling 
velocity as developed herein? 

4. Name the variables involved in a “complete” equation for fluid resistance. 

5. What is the nature of the fluid resistance in the Newton range? 

0. What is the assumption as to the nature of the fluid resistance in the case of 
very small particles? 

7. State the generalizations that underlie the method of dimensional analysis. 

8. List, with familiar examples other than those given in the text, the factors that 
enter into the resistance of a stationary body to the flow of a fluid past it. 

A. Give the general function relating fluid resistance to particle motion therein 
to the properties of the fluid and of the body. 

10. What is the Reynolds number? 

11. What essential conditions were imposed in the experiments on which Fig. 2 is 
based ? 

12. What is the implication of the fact that the wide range of data listed in para¬ 
graph e, page 7G, plots on a smooth curve? 

13. Why is it not possible to define “diameter” closely for mineral fragments? 
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14. Why is it possible to assert that the deviations of the fastest-particle points 
of Fig. 1 from the sphere curves are certainly chargeable to shape and orientation? 

15. Sketch streamlines for very slow flow of a fluid past a sphere; for turbulent 
flow. 

16. What is the effect of eddying on the pressure in a fluid? 

17. Name several commonly familiar examples of sedimentation. 

18. What is the common characteristic of the impelling separating forces in 
sedimentation? Have they a common direction? What are the resisting forces? 

19. What does Fig. 1 indicate as to the character of the relation between (a) parti¬ 
cle size and settling velocity; (6) specific gravity of particle and settling velocity? 

20. Calculate the force exerted on a 1-cm. sphere by water flowing past it at a 
velocity of 600 mm. per sec. 

21. Calculate the relative velocities of a 1-cm. sphere of steel (sp. gr. 7.83) falling 
freely in air and in water. 

22. Calculate the relative velocities of a right cylinder and a sphere of the same 
diameter and weight, falling freely in water, on the assumption that the axis of the 
cylinder remains in the line of motion. 

23. Determine the value of A for the fastest 2-mesh galena particle from Fig. 1. 

24. At what approximate particle size does the sphere curve for galena have a 
slope of 1.0? At what size for quartz? 

25. Calculate the Reynolds number for relative movement of 120 cm. per sec. 
between air at normal temperature and pressure and a sphere 10 -m diam. What are 
the dimensions of your answers. Give the units equation. 

26. Calculate the force exerted on a 5-p sphere by a current of air flowing past it 
at a velocity of 100 mm. per sec. 

27. In a gravitational field with the air moving vertically upward would the 
sphere of R.Q. 26, if quartz, rise or fall? 

28. Calculate the relative velocities of a 1-p sphere of steel falling freely in air and 
in water. 

t29. Develop the Newton equation for gravitational fall in a fluid as indicated in 
paragraph g, page 77. 

30. Calculate the drag coefficient for a quartz sphere for the conditions of R.Q. 25. 
What are the dimensions of your answer? Give the units equation. 

31. Determine the free-settling ratios (Z e , t ) for quartz and galena in air in the 
Newton range; in chloroform (p = 1.50); for both fluids in the Stokes range. 

32. Determine the value of v for a given value of d from Fig. 2 and vice versa. 
Check your answers by Figs. 1 and 3. 


Bibliography 

Allen, H. F., 50[5] Phil . Mag. 323 y 519 . 

Eiffel, G., The Resistance of Air and Aviation , Translation by Jerome C. Hunsaker, 
Houghton-Mifflin, 1913. 

Francis, A. W., 4 Phys . 403 . 

Goldstein, S., 123A Proc. Roy. Soc. London 225. 

Grimsehl, E., Text Book of Physics , Vol. I, Translation by L. A. Woodward, Blackie 
& Sons, London, 1932. 

Ladenberg, R., 122 Ann. der Phys . 287; 23 ibid . 447 . 

Millikan, R. A., 22[2\ Phijs. Rev . 1. 

Munroe, H. S., 17 A 637 . 



Chap. 5] 


BIBLIOGRAPHY 


85 


Newton, I., Mathematical Principles of Natural Philosophy, Book II, University of 
California Press, 1934. 

Oseen, C. W., Neure Methoden und Ergebnisse in der Hydrodynamik, Akademische 
Verlagsgesellschaft, Leipzig, 1927. 

Pernolet, V., 2014] Annales der Mines 379, 535. 

Reynolds, O., 174 Phil. Trans. Roy. Soc. London 935. 

Riabouchinski, D., L’Aerophile, Sept. 1, 1911. 

Richards, R. H., 38 A 210. 

Rouse, H., Fluid Mechanics for Hydraulic Engineers, McGraw-Hill Book Co., 1938. 
Stokes, G. G., 9 (Part II) Trans. Cambridge Phil. Soc. 61. 

Wadell, H .,6 Phys. 281; 217 Jour. Franklin Inst. 459. 

Westgren, A., 89 ZPC 63. 


Chapter 6 

ACCELERATION IN FREE-SETTLING 

When discrete bodies move in a fluid medium under the action of 
some force applied through space (gravity, electrical, centrifugal), 
assuming a start from rest, they first undergo a period of acceleration. 
At the start the resistance of the medium is zero. With increasing 
relative velocity fluid resistance builds up until it equals the force 
causing motion. Thereafter motion is uniform except as changes in 
orientation of the body relative to its line of movement alter the re¬ 
sistance of the fluid to the movement. 

In ore dressing the forces ordinarily utilized to move particles through 
the fluid are gravity and centrifugal force. The direction of particle 
movement is usually downward, but may be upward, as in sink-float and 
fi oth-flotation operations and in some magnetic separations, or radially 
to a vertical or horizontal axis, as in cyclones and wet centrifugal 
classifiers, respectively. 

The distance (and/or time) through which falling bodies are in the 
acce eiating stage of their motion may be of considerable importance in 
the design of apparatus dependent on such fall. This is especially true 
in the case of relatively large particles in water and of most particles in 
air. The fundamental equation for investigation, based on the equality 
of action and reaction, is 

d 2 s , 

m It 2 = m 9 ~ R C 1 ) 


where s is distance, m' is the apparent mass of the body immersed in 
the fluid, and the other letters have significances already assigned. 


Considering first the Stokes range, Eq. 9, Chap. 5, 
— kv a . s for a given spherical body in a given fluid 
after rearrangement and substitutions as indicated, 


may be written in the form 
Equation 1 then becomes. 


ag — bv„,- 


- dt 


(2a) 


in which a = 7 n'/m and b = k/m. Integration gives 


— - In (ag — bv ,. B ) = t + C 


(2b) 
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With the condition that tvs = 0 when t = 0, C = — - In ag, whence 

o 


Taking antilogarithms, 


whence 




(2c) 


(2d) 

(2e) 


But, by resubstitution and Eq. 16, Chap. 5, 

ag m'g/m __ m!g _ ird z (fi — p)g/ 6 __ gd?(6 — p) 
b k/m k 3mjd 1817 

and by definition 

k 37 rrjd I877 

in 7rd 3 6/6 d 2 d 


whence 


tvs = - e-W™) 

Again, from tvs = ds/dt , taken with Eq. 2e, 

ds = ^ ^ e -»< dt 




whence, by integration. 


ag , , ag j-+i , n 

s = T t+ T* e +c 


(2f) 

(2g) 

( 2 ) 

(3a) 


(3b) 


ag 

From the condition that s = 0 at t = 0, C = — , whence, by resubstitution as 

for Eq. 2, 

« - - 1) (3) 

I077 

From Eq. 2 it appears that for tvs = Vm.#.8» * = oo, wherefore, from Eq. 3, s must 
also be infinite. This does not mean, however, that the maximum or constant 
velocity postulated in the developments in Chap. 5 is not reached practically in 
finite time. Support for this statement follows. Rewriting Eq. 2 thus: 

e -i8,./d=« = i _ (4a) 

Vm,9 ,fl 

and taking logarithms of both sides and solving for / gives 

d 2 d , 

t = -in --— 

18*7 iVn.i.s — v ti e 


(4b) 
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If t x is the time at which t>., 9 = »>*.«,e = xv m . a . B , where x is any proper decimal 
traction, 

, _ d 2 S y m.*.S d 2 S . 1 

tx.s.s — In---= - In - m.'s 

1877 Vm.s.S — XVm.B. 8 18i? 1 — X W 

Check on Eq. 4, and some interesting relationships between the various quantities 
involved in the development of Eqs. 2, 3, and 4, may be obtained by solving for 
from Eq. 4. Thus 

/ 1 VW/M, 

**•••» = 111 ^ _ ) (from Eq. 4) 


Taking antilogarithms. 




= (r^) 


1 


or 


e (18^/d*5)< x .,.g = 


whence 


1 — x 


x 


= 1 — e -(l8 ’ /d,a)< *.*.8 


(5a) 


(5b) 


(5) 


which, taken with Eq. 4a, gives a x .,. 9 = xv m , 8 , B . This is the postulate on which 
Eq. 4 was based and thus checks it. 

From Eq. 5 the parenthesis in Eq. 3 becomes — x when t = t x , whereupon Eq. 3 
may be rewritten 

xS 

18^ 

The corresponding development for the acceleration period in the Newton range 
follows the same pattern, but the tactics differ, and the final equations are more 
cumbersome. An outline follows: 

1. Start with the fundamental motion equation in the form 


Sx.s.e — ^fx.a.8 — d?\ (6) 


dt) , 

m — = m g — R 


(7a) 


where J? - 7? N , a of Eq. 4, Chap. 5, in the form k',, N pd 2 v 2 and = 0.138 when 

jL/ — U.o5. 

2. Substitute as follows to get a standard integrable form for dv/dt: 

Let a = m g/m , c = k' * # Npd 2 , and b 2 = c/m . Then 


which integrates to 


dt = 


dv 


a 2 — b 2 v 2 


* = In + C 

2 ab a — bv 


(7b) 

(7c) 


from which C vanishes at t = 0, v = 0. 

3. Quantify a~ and b~ according to their definitions in terms of a spherical body 
and substitute these values in Eq. 7c. In the resulting equation substitute 
t - irgd{6 — p) 

lor its equivalent ^ , obtained by equating the value of Rn, 9 from Eq. 7a 
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with the value of F 0 from Eq. 2, Chap. 5. The resulting equation is 


= 


7 rdS 


In 


Vm.i'H + V a ,U 


12k ..Npym.f.N Vm , a, N — 0#.N 

&Vm.s, N ^ I'm,a.N + ^«.N 


(7d) 


2^(5 — p) 


For purposes of compactness in this and the subsequent equations in the present 
development, substitute 

irdS S 

and C2 « 




in Eq. 7d and rewrite 


12fc\.NP 


2g(6 - p) 


H y m ...N + *>a.N ^ , Vm.i.N + V S 'N 

U .n = -In - = Ov m .. t N In - (7) 


Pm.a.N — 


Vnt.s.N “ 


4. Determine * x .«.n from Eq. 7 and the assumption, to be verified in step 7, that 
it corresponds to v Xt9i N = xtVn.a.N, where a: is any proper decimal fraction. Then 


^ar.a.N 




In 


1 + X 
1 — X 


nt»m,..N In 


1 4- X 

1 — X 


( 8 ) 


5. Determine the distance s from rest corresponding to any value of <,.n in Eq. 7 
by rewriting this equation in the form 


£ = lD 


1 + 


V 




1 + 


In 


ds/dt 

Wm.a.N 


1 - 


V 


Vm.a, N 


1 — 


ds/dt 

tVn.a.N 


(9a) 


where B = fiv mi ,_ Nl and integrating for s. To do this take antilogarithms of Eq. 9a 
and rearrange: 

e t,u - 1 

ds — i’m . « . n t/o ; 7 ^ (9b) 


+ 1 


Substitute = t/Z? in Eq. 9b and rewrite 

ds = Bv m ,,. n 

Substitute u = e“ in Eq. 9c and rewrite 


- 1 
e“ + 1 


dw 


(9c) 


Integrate: 


F du du 

^ = Idvm ,# ,n I i r , . i v | 

Lu + 1 u(u + 1)J 

8 - [in ^t_LL 2 + c] 


(9d) 


(9e) 


Clear the fraction in Eq. 9e and resubstitute to the terms of Eq. 9b 

s = Bv m ... N [In (e"" + e l > u + 2) + CJ 

C = In \ from the condition s = 0 when t = 0, whence 

. e tlB + e-'•* + 2 
e = Bv m .,.a In --- 


(9f) 


(Or) 
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Resubstitute for B in Eq. 9g according to Eq. 9a, whence 

g p »n,»,N</S _l_ g—Pm,», n*/2 _i_ o 

Sa.N = H In ----— 

4 


= In 


_j_ e — f/Dl’m.i.N _1_ 2 


( 9 ) 


6. Determine the velocity corresponding to f x .».N by solving Eq. 7 for p a>N ; 

»..N - «W.n ^ i#iM</h + J = «W.,. N ^77 nc m ,., N + J (10) 

7. To check the assumption in step 4, solve Eq. 8 for x and compare the value 
with the quantity in parentheses in Eq. 10. 


Tables 1 and 2, calculated from the equations applicable as indicated 
on Fig. 1, Chap. 5, are inserted here for the purpose of aiding orientation. 
It is apparent that fine particles free-settling in water reach their 
approximate terminal velocities (0.9990 in extremely short times and 
distances, and that even in air the times and distances are negligible in 
so far as commercial operations are concerned. Conversely the rela¬ 
tively coarse materials that fall in the Newton range require appreciable 
time to reach approximate terminal velocity in water and travel appre¬ 
ciable distances in doing so, and not even the smallest would reach 
approximate terminal velocity in still air within the confines of any 
present commercial apparatus. 

It is also to be noticed that both the Stokes-range and the Newton- 
range equations are applicable over very limited parts of the size range 

normally subjected to anything approximating free-settling in commercial 
operation. 

1 he repeating digits and the regularly varying powers of 10 apparent 
in various parts of Tables 1 and 2 emphasize the relationships more or 
less obscured by the complicated forms of many of the settling equations. 
Thus terminal free-falling velocity in a given fluid in the Stokes range 
varies as the square of the particle diameter; as the square root of 
particle diameter in the Newton range. The time required to attain 
any given fraction of terminal velocity in the Stokes range varies as the 
square of particle diameter; in the Newton range it varies as the 
terminal velocity or as the product of the diameter and the reciprocal 
of the terminal velocity. The distance traveled before attaining any 
given fraction of terminal velocity in the Stokes range varies as the 
fourth power of the particle diameter; in the Newton range it varies as 
the square of the terminal velocity or directly as particle diameter. 


The equations thus far developed in this chapter are interesting as 
simple examples of the method of attack on the problem of acceleration 
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Table 1. Terminal velocities, Reynolds numbers, and times and distances during 
acceleration of quartz spheres free-settling by gravity in water at 

normal temperatures 



d , cm. 

I'm, cm. 

N = dvp/rj 

t x , sec., where x * = 

s X9 cm., where x m = 


per sec. 


0.95 

0.99 

0.999 

0.95 

0.99 

0.999 



0.0 8 91 

0.0 12 91 


0.0 10 68 

tSSM 

0.0 18 27 

0.0 1S 48 

0.0 18 77 



0.0*23 

0.0 9 11 


0.0 8 17 

Eftgj 

0.0 l5 17 

0.0 15 30 

1 0.0 15 51 



0.0 6 91 

0.0 9 91 


0.0 8 G8 

0.0 7 1 

0.0 ,4 27 

0.0 14 48 

0.0 ,4 77 

8> 

0.0 4 5 

0.0 4 23 

0.0 6 11 

0.0 6 11 

0.0 6 17 

0.0 6 26 

O.O 11 !? 

0.0 U 30 

0.0 1L 51 

0.0 3 1 

0.0 4 91 

0.0 6 91 

0.0 6 44 

0.0 6 G8 

0.0 5 1 

0.0f°27 

0.0 l °48 

0.0 lo 77 

ci 

0.0 3 5 

0.0 2 23 

0.0 3 11 

0.0 4 11 

0.0 4 17 

0.0 4 26 

O.OT7 



8 

Cj 

0.0 2 1 

0.0 2 91 

0.0 3 91 

0.0 4 44 

0.0‘68 

0.0 3 1 

0.0 6 27 

0.0 6 48 

0.0 6 77 

•-M 

2 

0.0 2 2 

0.03G 

0.0 2 73 

0.0 3 18 

0.0 3 27 

0.0 3 41 

0.0 S 43 



CO 

0.0 2 4 

0.15 

0.0 2 58 

0.0 3 71 

0.0 2 11 

0.0 2 16 

0.0 4 74 

0.0 3 13 

0.0 3 21 


0.0 2 6 

0.33 

0.20 

0.0 2 1G 

0.0225 

0.0 2 37 

0.0 3 36 

0.0 3 66 

0.0 2 11 


0.0 2 74f 

0.50 

0.37 

0.0-’24 

0.0 2 37 

0.0 2 56 

0.0 3 80 

0.0 2 14 

0.0 2 24 


0.01 

0.91 

0.91 

0.0 2 44 

0.0 2 68 

0.01 

0.0227 

0.0 2 48 

0.0 2 77 

Inter¬ 










mediate 

i0 

? 

rH 

© 

d 

From Fig. 3, 



Not Calculable 


Range 
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X 

Thousands 








0.5 

58 

2.9 

0.17 

0.25 

0.36 

6.3 

11 

17 


1.0 

81 

8.1 

0.24 

0.35 

0.50 

12 

21 

33 


1.5 

100 

15 

0.30 

0.43 

0.62 

19 

32 

51 

§> 

2.0 

115 

23 

0.34 

0.50 

0.71 

25 

42 

67 

Jj 

2.5 

129 

32 

0.39 

0.56 

0.80 

31 

53 

84 


3.0 

140 

42 

0.42 

0.61 

0.88 

38 

63 

101 

2 

4.0 

1G3 

65 

0.49 

0.70 

1.01 

50 

85 

135 


5.0 

182 

91 

0.54 

0.79 

1.13 

62 

105 

168 

2; 

6.0 

199 

120 

0.59 

0.86 

1.23 

75 

126 

201 


7.0 

215 

150 

0.G4 

0.93 

1.33 

87 

147 

234 


8.0 

231 

180 

0.G8 

1.00 

1.43 

101 

169 

270 


8.7 

239 

210 

0.71 

1.03 

1.48 

108 

181 

291 

High 

Range 

> 8.7 

Not Calculable 


* x = Fraction of terminal velocity, 
t 200-mesh. 

X Calculated by Eq. 6, Chap. 5, with D„ = 0.35 from the experimental sphere 
curve, Fig. 3, Chap. 5, and with 6 = 2.7. 


in a resistant medium. They Rive velocities and distances essentially 
as fractional parts of maximum velocities. As the basis of Tables 1 
and 2, they justify neglect of acceleration in problems of sedimentation 
in liquids generally, since few liquids have at once higher density and 
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Table 2. Terminal velocities, Reynolds numbers, and times and distances during 
acceleration of quartz spheres free-settling by gravity in air at normal temperatures 

and pressures 


d t cm. 


Discon¬ 

tinuous 

Range 


Inter¬ 

mediate 

Range 


<D 

to 

§ 

PS 

a 

o 

-+-> 

Es 

o 


<0.0 3 5 


I'm, cm. 
per sec. 


N = dvp/ij 


t x , sec., when x* = 


By 

Eq. 10A 
(see 
Note to 
Table 2) 


0.95 


0.99 


0.999 


s x , cm., when x* = 


0.95 


0.99 


0.999 


See Note to Table 2, p. 93. 


o> 

0.0 3 5 

0.2 

0.0 3 72 

0.0 3 62 

0.0 3 95 

0.0 2 14 

0.0 4 86 

0.0 3 15 

0.0 3 24 

fcO 

a 

0.0 2 1 

0.8 

0.0 2 58 

0.0*25 

0.0 2 38 

0.0 2 58 

0.0 2 14 

0.0 2 24 

0.0 2 40 

£ 

O.O^ 

3.2 

0.046 

0.0 2 98 

0.015 

0.023 

0.021 

0.038 

0.064 

8 

0.0 2 3 

7.2 

0.16 

0.022 

0.034 

0.051 

0.11 

0.19 

0.32 

o 

0.0 2 4 

12.8 

0.37 

0.039 

0.060 

0.090 

0.35 

0.60 

0.99 

4— 

C/2 

0.0 2 5 

20.0 

0.72 

0.062 

0.095 

0.14 

0.86 

1.5 

2.4 


0.0 2 54 

23.2 

0.90 

0.071 

0.11 

0.16 

1.1 

2.1 

3 2 


0.0 2 5 

to 

0.28 


From Fig. 3, 
Chap. 5 


Not Calculable 


0.28 

0.5 

1.0 

1.5 
2.0 

2.5 
3.0 

3.5 
4.0 

4.6 


Thousands 




Thousands 

1.5 

3.0 

2.8 

4.0 

5.9 

2.7 

4.4 

7. 

2.0 

7.2 

3.8 

5.4 

7.8 

4.9 

8.0 

13 

2.8 

20 

5.3 

7.6 

10.9 

9.7 

16 

25 

3.4 

37 

6.5 

9.2 

13.3 

14 

23 

37 

3.9 

56 

7.4 

10.5 

15.2 

19 

30 

49 

4.5 

74 

8.6 

12.2 

17.5 

25 

40 

65 

4.8 

100 

9.1 

13.0 

18.7 

28 

46 

74 

5.3 

130 

10.1 

14.3 

20.7 

34 

56 

90 

5.6 

160 

10.6 

15.1 

21.8 

38 

62 

99 

5.9 

200 

11.2 

15.9 

23.0 

43 

70 

110 


* x = Fraction of terminal velocity. 


lower viscosity than water. They also serve to warn that the period of 
acceleration must certainly be considered in problems of sedimentation 
in gases, such as in dust collection and air classification (Chap. 7). 
Furthermore, by the absence of treatment of the intermediate range, 
they emphasize the impossibility of simple mathematical expression of 
particle movement in that range. The following derivation, adapted 
from Lapple and Shepherd, is applicable to all three ranges. 

The basis of the attack is the relationship expressed in Fig. 2, Chap. 5. 
It is, therefore in the strictest sense, limited to spheres, but is applicable 
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WTien the discrete body is so small compared to the mean free path of the mole¬ 
cules in the fluid medium through which it is moving that it may be considered capa¬ 
ble of slipping between these molecules, resistance to movement can no longer be 
due to action of the fluid mass, as indicated by its inertia or viscosity, but will be set 
up only to the extent that the body collides with individual molecules and transfer of 
momentum is thus effected. For such cases up to the lower limit of strict applica¬ 
bility of Stokes’s law, Millikan proposes a correction factor to be applied to the 
Stokes resistance equation: 


= 3wj7 dv -—- (10A) 

1 + d(A' + Be-‘<* l2 ‘) 

in which l = rj/0.35pc t where c is the average molecular velocity; A' is a variable slip 
coefficient, dependent upon the kind of fluid and discrete body; and B and c are 
constants, equal to 0.35 and 1.7, respectively. The range of A ' is from 0.815 for oil 
drops in hydrogen to 0.90 for oil drops in helium; it is 0.864 for oil drops in air; 
it is not practically different for glass or wax spheres in air. Westgren has shown 
that Stokes’s law holds in liquids for spheres ranging from 10” 2 - to 10” 6 -cm. radius. 
Hence there is no necessity for the correction in ore-dressing calculations in cases of 
liquid media. But Millikan shows that deviation from the Stokes equation in 
gaseous media is apparent at radii as large as 5• 10 -4 cm. (d = 10 /n), which makes the 
correction of importance in work on dust collection and commercial air classification 
on ultrafine sizes. 

Examination of Eq. 10A shows that the value of the parenthesis in the correction 
factor and the value of the correction factor in its entirety are determined by the 
magnitude of the dimensionless ratio l/d. When this is large the exponent of e 
approaches zero, and the value of the parenthesis becomes (A' + B) equals nearly 
1.15. The correction factor then becomes essentially d/l , i.e., R cc d 2 . When l/d is 
small, the B/e term essentially vanishes and l/d becomes negligible compared to 1.0, 
60 that the value of the correction factor becomes unity. 


to mineral fragments on the basis of the discussion of Fig. 1, Chap. 5, 
on page 81. It covers both acceleration and deceleration. 

The important cases from the standpoint of ore dressing are those in 
which a particle in suspension in a fluid enters an apparatus in a given 
direction with a given velocity and is acted upon by an external force 
that makes an angle other than 180° with the inertial force of entry. 
The problem is treated generally by application of the equations of 
motion to the components of the forces resolved in suitable directions 
at right angles. In the following development these and other vector 
quantities are denoted by boldface symbols, with suitable subscripts to 
signify directions of the axes. For determining sign, one axis is taken 
parallel to the direction of the external force, and components parallel 
to this axis are positive in the direction of the force. Components 
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parallel to the other axis are positive in the direction of the component 
thereon of the initial velocity Vi. 

. .ft j-yp^al case is that of a particle entering an effective gravitational field with an 

initial velocity t», at an angle 90 — a, to the force of gravity. The basic motion 
equations are _ - * 




s' 






IL- 




dv H __ 
m —- = R cos co 
at 


m 


dv\ 

~dt 


/b — p\ 

= m 9 ( —~— J — R sin co 


(ii) 


( 12 ) 


By elementary vectorial rules, cos a, = v H /v, sin <o = v v /v, and v 2 = v„ 2 + v v 2 . 

With these identities and the general form of Eq. 5, Chap. 5, Eqs. 11 and 12 become, 
by substitution, 


dvff 

Dpv hv A 



dt 

2 m 


(13a) 

dv v . 

- p\ 

DpVyvA 


5* 

II 

v *; 

2m 

(13b) 

stituting for A and 

m gives 


dv i, 

3 pD t v H v 



dt ~ 

4d6 


(14a) 

dv v / 

'6 - p\ 

3 pDtVyV 


dt ~ g \ 

.* 

4d6 

(14b) 


These equations apply throughout the three ranges. They have not been integrated 

generally, but are readily solved by incremental approximation in specific cases 
(see p. 96). 

In the Stokes range D = k/N = k v /dvp. It follows that D„ = k v /dv IiP , and 

Dy = krj/dvyp, whence Dv = Duvn — Dyvy. Substituting these values in Eqs. 14a 
and 14b gives 

dvH 3pD/rVH 2 

(15a) 


dt 

dwy 

~dt 


9 


4 dd 
5 — p 


c-f 4 )- 


3 pDyVyV 
4 dS 


(15b) 


Examination of these equations shows that the rates of change of the velocities in 
horizontal and vertical directions are independent of each other, involving as they do 
the same constants (for a given system) and different variables. Each may, therefore, 
be treated independently as one-dimensional motion in its particular direction, 
uninfluenced by forces or motion in the other direction. Equation 15a may then 
be written 


dv 

~dt 


3 pDv 
4dS 


(16) 


Substituting in this equation for v its value from the general form of Eq. 14, Chap. 5, 
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gives, after rearrangement, 


dN 

DN 2 


3? 

4 id 2 


dt 


(17a) 


Integrating between the limits t = 0 and t = t, and N = Ni (when t = 0 and v = t ;,) 
and N = N (when t = t and v — v ), gives ’ • 


3t jt 
48d 2 


j r*A\ 
N 


dN 
DN 2 


(17b) 


From the Stokes-range relationship D = k/N, this integral reduces to 1 /k In Ni/N, 
whence from Eqs. 17b and 14, Chap. 5, 


— In — 
18 tj v 


Vie 


-18i) t/d'S 


L.a 

Taking antilogarithms and clearing, 

V..B > 

From Eq. 18 

ds = Vie~ 1Snl,d * s dl 

Integrating between t = 0 and t = t, and s = 0 and s = s, 

s..b = ^ vtil - e-W'-**) 

l0T7 


(17) 


(18) 


(19) 


Equation 19 may be used in the Stokes range for determining horizontal dis¬ 
placement sji at any time / for a particle with an initial velocity i>,-. Values of vertical 
displacement may then be determined, at the same time, by Eq. 3, and the particle 
trajectory plotted. Such a trajectory is shown in Fig. 1. 

For the early part of the Newton range D is substantially constant at 0.35 
aver, and Eq. 17b integrates directly to 


Srjt 

Add 2 


D \N Nj 


(20a) 


Substituting values of v for N according to Eq. 14, Chap. 5, in general form, and the 
numerical value for D, gives 

3.81'/5 / 


From Eq. 20, 


from which 


' 1 1\ 

t e . n = —-( —-) 


( 20 ) 


ds 

y «.N = T. = 


3.81d6v, 


dt 3.81 d8 + v.pt 


( 21 ) 


~\ l “ l 3.81 da, / , v, P t \ 


( 22 ) 


This equation gives the horizontal displacement .s// in the Newton range at any 
time t for a spherical particle with an initial horizontal velocity component v, //. 
Values of the vertical displacement at the same time, for spherical particles with no 
initial vertical component of velocity, may be obtained from Eq. 9. Such a tra¬ 
jectory is shown in Fig. 2. (Z> in this plot was taken as 0.41.) 
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In the intermediate range Eqs. 14a and 14b must be integrated by approximation 

to obtain a v-t curve, and this must then be integrated graphically for corresponding 

values of sand t. The general method is most easily followed by means of an example, 

which is chosen with air as the medium to make it typical of a common case requiring 
such treatment. ^ 


So, cm. X /O 2 



Fig. 1. TVajeetory of 10-p quartz sphere projected horizontally into still air. 


The problem is to plot the trajectory of a 200-mesh sphere of quartz on the as¬ 
sumption that it is projected horizontally into still air with an initial velocity of 
300 cm. per sec. 

The data required for solution of Eqs. 14a and 14b, from which velocities during 
acceleration will be obtained, are: 


Vi,ii = 300 cm. per sec. 
d = 7.4 • 10~ 3 cm. 

5 = 2.65 gm. per cc. 

Vi.v = 0 . 

v = 1.8-10 -4 poise (gm. per cm.-sec.) 
p = 1.2-10~ 3 gm. per cc. 

For use in approximation, Eqs. 14a and 14b should be written in the form 


Av w 


3 pDv uv 
4 dS 


At 


(23a) 


a„ I" - A SpDvyV~\ 
Avv = At 


(23b) 
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and from the usual vector relationship 

v = V^v// 2 + w 2 (23c) 

For the specific problem at hand the constant terms in the equations should be 
quantified, yielding 


Av// = —4.6-10 2 Dvnv-At 
Av v = (980 — 4.6- 10~ 2 Dvvv)At 

N =— = 4.93- 10 -2 v 
v 


(24a) 

(24b) 

(24c) 


0 . 00 / 

I 


Time, sec. 

0.0/ 0.02 0.03 0.04 0.06 0.06 O./ 
I III I ■ I 

Sjf, cm. 


0.2 

I 


0.3 0.4 



Fig. 2. Trajectory of 7-mm. quartz sphere projected horizontally into still water. 


Approximation is carried out conveniently in tabular form as shown in Table 3. 
In order to find particle position at any time from the data of Table 3, the general 
equation 


s 



(25) 


must be integrated. Since the relationship between v and t is not known in the 



Table 3. Calculations for solution of Eqs. 24a and 24b by incremental approximation 
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Calculations omitted 
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Notes to Table 3 

Calculation starts with entry of the known velocities at t = 0 on line 1 in rows 3 
and 4. The quantity in row 5 follows from Eq. 23c. From these entries the values 
for rows 8 and 12 are found, and that in row 6 comes from Eq. 24c. The value for 
D corresponding to N is read from Fig. 3. A time increment is chosen and entered 
in row 2, after which the values for row's 9 and 13 are calculated from Eqs. 24a and 
24b respectively. These values are first approximations. 

The second approximation is made by carrying down to line 2, rows 10 and 14 
respectively, the values just entered at line 1, row's 9 and 13. Row 3, line 2, is then 



Fig. 3. Experimental sphere curve (D vs. A’). 

determined as row 3, line 1, less line 2, row 10. Row 4, line 2, is row 4, line 1, plus 
row 14, line 2. The remaining values of line 2, except rows 11 and 15, arc derived 
from the existing data in line 2 as was done in line 1. The figure for row' 11, line 2, 
is the average of the values in row 9, lines 1 and 2, and that in row 15 is a similar 
average for row 13. Test of the values in rows 9 and 13 is comparison of the cor¬ 
responding averages with the trial values. In the instant case line 3 was calculated 
with trial values (rows 10 and 14) carried down as before in order to improve the 
check on row 13. When the check is satisfactory the time entry is made in row 1, 
as the sum of the preceding time and time increment. 



sec 
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Notes to Table 3— (.Cant'd) 

in ™nt an f t 5! and 6 and 7 are approximation and final values for their respective 
increments obtained by repetition of the above procedure With row « I 

shown in Figs. 4 and 5 are started with the ordinal SvailableTn LeH 3 5 andT 
rhe respective curves were extrapolated over the range of the next time increment' 
i.e., to i — 0.004, and approximate values of Av„ and Av v were read ofT ' 

Va,UeS f° r OOoX:n C dX d a^tagL h weVr^ 

pronounced, as through the interval < = a005 to ?- O.ol CUrVatUres * re 

th t f time increment is changed, as at line 10, the chart reading must be mul- 

the 1 chart in order to^l^ - th ® | ne !‘ r incremen * divided by the unit of the time scale of 
of the table ThL increment that will appear on the corresponding line 

E obUnthe ' S ^ with tbe precedi ^ -Pushed increment 



Fig. 4. Progressive chart of Av// vs. t for 
estimation of trial values of Av Wl row 10, 

Table 3. 



Ar y/ cm. 


Fig. 5. Progressive chart of Avy 
vs. t for estimation of trial values of 
Av v , row 14, Table 3. 
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intermediate range, solution of Eq. 25 must be made graphically by plotting the 
t-w H and t-v v curves (Fig. 6) and measuring the areas thereunder for successive time 
increments. These areas are successively the distance increments for the correspond¬ 
ing time intervals. Results of such measurements are given in Table 4. 

The trajectory (s//-s r graph) from Table 4 is shown in Fig. 7. 


Table 4. Results of graphical integration of curves of Fig. 6 


t, 

sec. 

At, 

sec. 

As//, 

cm. 

Sj*y 

cm. 

As Vf 

cm. 

S^, 

cm. 

0 

0 

0 

0 

0 

0 

0.002 

0.002 

0.575 

0.575 

0.00186 

0.00186 

0.004 

0.002 

0.534 

1.11 

0 00566 

0.00752 

0.006 

0.002 

0.499 

1.61 

0.00878 

0.0163 

0.01 

0.004 

0.899 

2.51 

0.0255 

0.0418 

0.02 

0.01 

1.81 

4.32 

0.102 

0.144 

0.03 

0.01 

1.39 

5.70 

0.162 

0.306 

0.04 

0.01 

1.06 

6.76 

0.193 

0.499 

0.05 

0.01 

0.788 

7.55 

0.225 

0.724 

0.06 

0.01 

0.594 

8. 14 

0.254 

0.978 

0.07 

0.01 

0.431 

8.57 

0.280 

1.26 

0.08 

0.01 

0.341 

8.91 

0.303 

1.56 

0.09 

0.01 

0.261 

9.17 

0.322 

1 .88 

0.10 

0.01 

0.200 

9.37 

0.334 

2.22 

0.15 

0.05 

0.540 

9.91 

1.78 

3.99 

0.20 

0.05 

0.182 

10. 1 

1.86 

5.85 


When very fine particles are to be settled it is customary to increase 
the force available to overcome fluid resistance by utilizing centrifugal 
settling. The centrifugal force on a particle submerged in a fluid and 
moving at substantially the fluid velocity is 



(2G) 


where v t is the tangential velocity of the fluid, and r is the distance of 
the particle from the center of rotation. For spherical particles 


Fc.s = ^ (5 - p) — 


(27) 


The general force equation for such a body in the Stokes range is 


Vt 9 


dv r ird 3 

m ~ = Fc.s — f?».s = ”■ (5 — p) — — 3tt(It]v 

0 r 


fit 

Integrating as for Eq. 2 gives 

d 2 v 2 (8 — p) 


(28) 


*Vr.S = 


\Hrjr 


[1 _ g 


(29) 
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Examination of Eq. 29 shows that for quartz spheres in air the 
bracketed quantity becomes substantially 1.0 within less than 0.1 sec. 
for particles smaller than 50 y., and in much less than that time in water. 
The equation then reduces to the form 



v t 2 d 2 (S — p) 
lS v r 


(29a) 



which is applicable at terminal velocities. By substituting this terminal- 
velocity value in the equation for the Reynolds number (Eq. 14, Chap. 5) 



(30) 


Giving N the value of 0.9, which marks the approximate upper limit of 
the Stokes range, the corresponding values of d, v t , and r within which 
these Stokes-range equations are valid in a given fluid may be deter- 
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mined by trial. Thus for a 50-/* quartz sphere in a cyclone of 12-in. 
diam. the limiting v t is 141 cm. per sec. The centrifugal coefficient Gc, 
defined by the equation 



(31) 


is 1.35 for this tangential velocity, which is to say 135% of the gravita¬ 
tional pull on the particle. Corresponding radial velocity is, by Eq. 29a, 
26.6 cm. per sec. 


Sh, cm. 



Fig. 7. Trajectory of quartz sphere (0.074-nun.) free-settling in still air. (Initial 

horizontal velocity of sphere: 300 cm. per sec.) 

For a 5 -m quartz sphere in a 12-in. cyclone the limiting v t for the 
Stokes range is 4,500 cm. per sec. and Gc is 1,350. Comparison of 
Eqs. 29a and 10, Chap. 5, shows that the relative settling velocities in 
the centrifugal and gravitational fields are in the ratio of the centrifugal 
coefficient, whence the time advantage of centrifugation in separating 
fine dusts from air becomes apparent. 


Review questions 

1. Define: terminal velocity; incremental integration; centrifugal coefficient. 
f2. What is the connection between the quantity c and the velocity-time-distance 
relationships of free-settling particles? 

3. How long does it take a particle free-settling in water to reach constant 
velocity? Is the time affected by the initial velocity of the particle? 

4. After 1 sec. how much more rapidly will a 200-inesh quartz particle fall in 
water than one half that size? A %-\w. particle than a ? jo-in.? 

5. IIow would your answer to the first part of R.Q. 4 be changed if the specific 
gravities of both particle and liquid were increased by 1.0, all other conditions re¬ 
maining the same? 

G. If it requires 0.0 4 sec. for a given particle to reach 95% of terminal velocity 
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in a given gas, how long will it take for a particle of half the diameter of the first to 
reach the same fraction of its terminal velocity? 

7. If a 5-At particle attains 99% of its terminal velocity after falling 0.0 7 3 cm. 
in water, how far will a 10-^ particle fall in the same medium before attaining the 
same fraction of its final velocity? 

8. Explain why the horizontal and vertical motions of a particle free-settling in 
a fluid and having an initial horizontal velocity or being subject to horizontal forces 
can be treated independently. 

9. What is the difference between Figs. 2, Chap. 5, and 3, Chap. 6? 

10. Demonstrate the magnitude of the advantage in centrifugal settling. 

11. What are the dimensions of the exponent of e in Eq. 2? 

12. After 1 sec. of free fall in air, what is the ratio of the velocity of a 50- M quartz 
sphere to its terminal velocity? What after 0.1 sec.? After 0.01 sec.? 

13. What distance will a 50-^ quartz sphere fall from rest in air in 1.0 sec.? In 
0.1 sec.? In 0.01 sec.? 

14. In what length of time will a 50 - m quartz sphere falling from rest in air reach 

50% of its terminal velocity? 75%? 95%? 99%? 

15. What are the dimensions of the second term in the parentheses of Eq. 6? 

16. The equivalent sphere for any particle is defined as the sphere of the same 
material which has the same falling velocity as the particle in a given medium. 
Determine the Reynolds number for the sphere equivalent to a 200-mesh quartz 
particle falling in water. Use Fig. 1, Chap. 5. 

17. After 1 sec. of free fall in water, what is the ratio of the velocity of a 0.074-mm. 
quartz sphere to its terminal velocity? What after 0.1 sec.? After 0.01 sec.? 

18. What distance will the sphere in R.Q. 17 fall from rest in each of the intervals? 

19. In what length of time will a 0.074-mm. quartz sphere falling from rest in 

water reach 50% of its terminal velocity? 75%? 95 %? 99%? 

20. Develop Eq. 7d from 7c as directed in the text. 

21. In what length of time will a 0.197-in. quartz sphere falling from rest in water 

reach 50% of its terminal velocity? 75%? 95 %? 99 %? 

22. What will be the times in air corresponding to those in water in R.Q. 21? 

23. What distances correspond to the times in R.Q. 21? In R.Q. 22? 

24. What velocities correspond to the distances in R.Q. 23? 

25. Carry out step 7 on page 90. 

20. Prove the identities in Eqs. 9 anti 10. 

f27. Plot the trajectory in still {fluid) for a sphere of (particulate phase ) of- 

mm. dium. which enters the fluid in a direction -° from the horizontal at an 

initial velocity of -cm. per sec. 

28. Show that the bracketed quantity in Eq. 29 becomes greater than 0.99 for 
50 -m quartz spheres in air. 

f29. Show that fixing N for a given system of particle and fluid in a centrifuge 
fixes the radial velocity of the particle and the centrifugal coefficient for any given 
combination of apparatus and volume of fluid flowing through it. 
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Chapter 7 

INTRODUCTION TO GRAVITY SEPARATION 

Gravity separation is literally as old as the hills. Ever since alterna¬ 
tion of heat and cold at the surface of the earth has existed, with cor¬ 
responding successions of thermal expansion and contraction to break 
rocks, and with rainfall to wash the fragments downhill, the heavier 
particles, size-wise and density-wise, have lagged behind the lighter, 
have settled in the depressions in the stream paths, have become sorted 
into gravels in the hills and sands and silt in the valleys; and when the 
broken material has contained gold or platinum, cassiterite or mag¬ 
netite or other resistant heavy mineral along with the light, this has 
found favorable places to deposit and form natural concentrations 
which we call placers. 

The concentrating process which nature employs is always funda¬ 
mentally the same; she pits the force of gravity acting on the particles, 
and the resistance offered by uneven surfaces of rock or sediment to 
particle movement across them, against the push of flowing water, often 
reinforced by the inertia of suspended solid. Commercial gravity 
separation does little more from a physical standpoint, but adds control. 

Gravity separation in ore dressing has, in general, either of two aims: 
to separate minerals of the same density according to size (classification); 
or to separate minerals of different densities according to species (gravity 
concentration). For fluids it utilizes air, water, liquids denser than 
water, and semifluid suspensions of solid in a fluid, which may be either 
gas or a liquid. It is characterized, as the name implies, by the use of 
gravity as the primary differentiating force. One of the opposing forces 
is always seated in the fluid in which the separation takes place. Some¬ 
times only buoyancy is used. Mostly, however, fluid drag, involving 
either or both the inertia and viscosity of the fluid, is utilized in addition 
to buoyancy. Additionally the mechanical resistance of a part of the 
apparatus—wall or floor—is a vector in the system of forces which 
determine the direction of particle movement. Particle inertia fre¬ 
quently plays a part. 

The term classification embraces a large variety of operations carried 
out in apparatus that differ widely in appearance and method of func- 
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tioning but all of which involve basically a size separation. For pur¬ 
poses of study the operations can perhaps best be subdivided into free- 
settling and hindered-settling on the basis of whether particle crowding 
in the separating zone introduces such collision hindrance to penetration 
as to change settling velocities materially. This places in the free- 
settling category many operations which, under the strict definition 
delimiting the applicability of Stokes’s and Newton’s laws and of the 
experimental sphere curve of Chap. 5, do not belong there, but it 
accords with established ore-drsiesng terminology. 

Commercial free-settling, under the definition of the preceding para¬ 
graph, includes all separating operations in which differentiation is 
effected between particles on the basis of gravitational (or centrifugal) 
settling at velocities which, excluding shape and orientation effects, 
bear substantially the same relation to particle diameter as is expressed 
m the experimental sphere curve (Figs. 2 and 3, Chap. 5). 

The oie-dressing operations that come nearest to true free-settling 
are water clarification in settling ponds and centrifugal dedusting. 

A settling pond is essentially a small lake into one end of which a 
muddy stream flows while substantially clear water discharges from the 
other end. The entering solid has a horizontal velocity component 
equal or substantially so to that of the water, and as the current slows 
on entry to the pond the particle slows likewise (see Chap. 6). Hence 
its horizontal velocity component may be taken as that of the water. 
It has a vertically downward velocity component which, for all practical 
purposes, may be taken from Fig. 3, Chap. 5. It was maintained in 
suspension in the entering stream by the eddies induced by the stream 
flow. In the pond eddying ceases to the extent that it may be neglected. 
If the particle reaches the bottom before the water in which it is sus¬ 
pended increases velocity near the outlet, it will, in general, stay there 
unless the velocity of flow increases materially. Hence determination 
of the question ol settlement follows from solution of an expression in 
which the time t v required for the particle to settle the depth of the 

pond, h, is set equal to the time ta required for water to flow the length 
of the pond, l. 


, h , , l 

tv = — and t h = — 

Vv v H 

where v v is the free-settling velocity of the smallest particle that will 
settle, and v„ is the mean velocity of water through the pond. The 
relations between velocit ies and tank sizes which satisfies this condition 
is shown in Fig. 1. But v„ = Q/bh, where Q is the volume of water 
flowing per unit of time and b is the mean width of the pond stream. 
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Substituting this value for Vu above, equating the resulting values for t, 
and solving gives 



where A is the fluid area at right angles to the force causing settlement. 

The same result is obtained by considering the pond while filling. 
During this time the surface of the liquid is rising at a rate given by 
Eq. 1. Any particle that settles more rapidly than this will leave the 
surface, and, if discharge from the pond is over a weir, as is usual, such 
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Fig. 1. Limiting velocity-dimension relations in clarification. 


a particle will not overflow (neglecting acceleration of the water at 
approach). Hence overflow particles will all be smaller than those with 
a settling velocity v v . 

The relationship expressed in Eq. 1 is sometimes called the area prin¬ 
ciple. It states essentially that the critical size of particle that can be 
settled in a given pond or tank from a given volume of pulp per unit of 
time is independent of depth and of the relative magnitudes of breadth 
and length, provided only that their product is constant. This principle 
applies to all separating zones through which particles are moved by a 
fluid in a direction at right angles to a settling force that acts at a dis¬ 
tance, e.g., gravity, an electrical or magnetic field, or the inertial effect 
known as centrifugal force, provided that this force is substantially 
constant throughout the depth of the zone and that acceleration is 
negligible. 

When a settling pond is harnessed and made to do the additional job 
of delivering its settlings in the form of a thick pulp, it becomes a 
thickener. Logically the upper part of it should be discussed here. 
Hut because the action in tin* lower part is far from free-settling, dis¬ 


cussion is deferred (see Chap. 8). 

The avowed function of a settling pond is separation of water from 
solid. Usually, however, the operator of one is never more fussy than 
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the law demands, so that most ponds actually separate at a size well 
down in the slime range, say, a few microns. When the separation 
desired is in the finer sand range, e.g., somewhere between 65 and 200- 
mesh, the operation is called desliming. It is usually done for the 
pui pose of separate treatment of the products and is therefore harnessed. 
Fuither, since settling rates of sands in the above split-size range are 
high by comparison with those in the lower slime range, the area required 
lor separation is correspondingly small and the operation can be brought 
under cover. 

Desliming tanks are widely various in form but certain elements are 
common to all: (1) a feed distributor designed to direct the flow 
horizontally and to still out eddies; (2) a level overflow lip or weir and 
means to decrease the velocity of approach or to confine the region of 
acceleration; (3) means to lead sand to a concentrated outlet or outlets 
arid to minimize disturbance of the main body bj' the approach veloci- 
ties, (4) means to discharge the sand with a minimum of water. 

The tanks are rectangular or circular in horizontal section. Rec¬ 
tangular tanks are edge-fed over a feed sole of low inclination and over¬ 
flowed at the opposite edge; circular tanks are center-fed and over¬ 
flowed over the entire periphery. Sand discharge is from the bottom. 
Square tanks (up to 10 ft. on an edge) are pyramidal downward. Elon¬ 
gated rectangular tanks (up to 50 ft. long and 8 ft. deep) have sloping 
sides terminating in an edge (V-tank or sloughing-off box). They are 
normally fed at one end and have a plurality of sand outlets along the 
edge of the vee. Circular tanks are conical downward (up to 10-ft. 
diam.) or cylindrical (up to 30-ft. diam.) The latter arc used only for 
fine, sands and, lacking the sloping walls, require a revolving rake to 

scrape sediment to a central outlet. Sloping walls are 30° or less from 
the vertical. 

I hick sand discharges are obtained by carrying relatively deep beds 
of settle(1 sand «-nd drawing off from the bottom of the bed. Discharge 
of such a thick, granular product requires a relatively large opening, so 
large that under the regular tank head sand would discharge faster than 
it deposited and a channel form from spigot to feed point. Hence the 
head must be reduced or intermittent discharge be employed. 

I he Caldecott cone reduces head on the spigot by placing one or more 
disk diaphragms 12 to 18 in. above the discharge opening at the apex, 
the diameter of the disk being such as to leave an annulus ranging in 
width from about in. to 2 in., the narrower for the coarser sands. 

1 he spigot opening is varied by a pivoted plate, normally opened to an 
extent that, with full tank head above it, permits discharge at a rate 
faster than the annulus can discharge. As a result, on opening it a 
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vacuum forms above it and a back pressure is set up from the atmos¬ 
phere as in pouring from an inverted bottle. Spigot discharge is thus 
reduced until the pressure differential across the plate is reduced by 
break-through of air from outside or by downflow of pulp around the 
disk; usually the former. After a break-through, the spigot discharges 
around a central core of air by simple gravita¬ 
tional sliding down the wall of the cone below 
the disk. If, now, a runaway starts at the 
disk, the spigot fills, entrapping a large air 
bubble, which cannot be pushed out bodily 
from above but must be broken into small 
enough bubbles to be displaced upward along 
the sides as pulp flows down. Where these 
bubble fragments would rise the downflow is 
temporarily shut off, i.e., the rate of efflux 
around the disk is decreased. This permits 
the spigot to open again, the incipient bubble 
bulge is pressed down, and the cycle starts 
over. Thus the operation, once proper pro¬ 
portions are established between spigot and annulus areas, consists in 
an uneasy, fluctuating balance between the two discharges, one decreas¬ 
ing as the other increases beyond bounds, between them producing an 

average that rises or falls with the head of sand 
above the disk, while the disk prevents center 
piping. 

Intermittent discharges represent usual practice. 
They range from manual through timer-controlled 
to the fully automatic. The last is best. There arc 
two types: float-controlled and balance-controlled. 

The float-controlled tank (Fig. 2), which may 
be either conical or square pyramidal, comprises 
essentially the float F and a link mechanism con¬ 
necting it to a conical valve J. As sand builds up 
in the tank, pulp fed through central pipe A backs 
up in chamber C and lifts F, depressing ./ and per¬ 
mitting discharge, whereupon the falling sand level permits rapid egress 
of pulp from C, F falls with the pulp level in C, and ./ closes. K is a 



controlled desliming 
tank. 



Line of 
cement 
grout 


Fig. 2. Float-controlled do- 
sliining tank (Allen cone). 


counterweight controlling the rise of F. 

In the balance-controlled tanks, of the many forms of which Fig. 3 is 
typical, the entire tank is suspended on one arm of a balance beam d 
counterweighted to the desired sand level by i. When sand builds 
above the predetermined level, i lifts and pulls rod / upward, whereupon 




110 


[Chap. 7 


INTRODUCTION TO GRAVITY SEPARATION 

valve h carried on pivoted arm g drops open and sand discharges until 
the counterweight again lifts the tank. 

The separating zone in a sand tank is the pool above the sand. Here 
sedimentation occurs according to the area principle, i.e., the operation 
is free-settling. The settling velocities may be somewhat lower than in 
true free-settling, but if correction is made for pulp density, velocity- 
diameter ratios are those derivable from Figs. 2 and 3, Chap. 5. 



Fig. 4. Diagrammatic sketch of dry cyclone. 

Cyclones are devices primarily used for separations of solids from 
fluids. They oppose centrifugal force col linearly to fluid drag, sub¬ 
stantially at right angles to a rapid carrying current. Since such sepa¬ 
ration depends, all other things being constant, on relative particle size 
and specific gravity, it follows that the device may also be used for 
separations of solids from each other according to either or both of these 
characteristics. 

I he typical cyclone is a cylindro-conical chamber set with axis vertical 
and apex down (Fig. 4). Diameter D ranges from a few inches to 25 ft. 
with length L ranging from 4 or 5 D to 2D correspondingly. The 
diameter of the top outlet O ranges from D/2 to D/S. In solid-fluid 
sepaiations, feed comprising solid in relatively dilute suspension is 
introduced tangentially through /; fluid, denuded of the coarser fraction 
of solid, discharges at O, and the remainder of the fluid with collected 
solid is removed at S. 

The flow of fluid in a cyclone is complex. It has been traced by 
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strings, Pitot-tube measurements, various wall markings, and the like. 
Early experiment was with gas suspensions. When these investigators 
composited their various indications and considered them with the 
locations of the inlet and outlets, they came to the conclusion that the 


average elementary mass of gas passing through the apparatus traced a 



Flo. 5. High-velocity 
(small-diameter) dry cy¬ 
clone, with mythical dust 


path like that indicated by the dust spiral in 
Fig. 5, which they described as comprising an 
outer downmoving spiral and an inner upmoving 
spiral. This simple and therefore attractive 
picture, sales-wise, was seized upon by the ad¬ 
vertising departments of the manufacturers and 
was thereupon adopted by the engineering de¬ 
partments. It is not the first example of this 
kind of engineering. 

The actual flow in a cyclone is by no means so 
simple. Understanding of it can, perhaps, be 
best started by considering first a thin horizontal 



Fig. G. Multiple fluid circuits in a 

cyclone. 


spirals indicated. 


slice of Fig. 5, taken at the elevation of the inlet pipe as in Fig. G. As¬ 
sume the slice to have top and bottom covers terminating at the inner 
circle. It will then constitute a squat cylindrical annulus with an outer 
but no inner wall plus a tangential inlet conduit on the outer periphery. 
Assume it empty (or air-filled; at any given instant at which a liquid 
feed starts at a sufficiently high velocity to cause it to hug the wall 
until its front comes around to the inlet again. Here such a layer 
would, if mixing did not occur, be diverted toward the axis by the in¬ 
coming stream and would travel within the peripheral layer on its 
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second circuit, as indicated. Successive circuits would bring the liquid 
front closer and closer to the central outlet until finally a whirling tan¬ 
gential discharge started and built up to a volume per unit time equal 
to the inlet rate. Assuming ever thinner circumferential layers, the 
path of an individual particle of liquid becomes a spiral. The whirling 
mass is a vortex, and with peripheral feed and inward discharge is called 
a spiral or s ink vortex. 

T-here are two types of vortices, designated, respectively, free and 
forced. A free vortex is one which persists without energy input, e.g., 
the whirling flow that de¬ 
velops in an emptying wash- (p+c/p) 



Fig. 7. Axial section of a 
free vortex in a liquid. 


Fig. 8. 


vortex in a liquid is shown in Fig. 7. Since no external torque is applied 
to the mass, then, neglecting friction and by the principle of conserva¬ 
tion of angular momentum, this momentum is constant throughout the 
liquid, i.e., rv t = C. 

Consider next an elementary mass of liquid moving in a curved path 
around the vortex axis with velocity v t as indicated in Fig. 8. Its mass 
is p dA dr, and the radial acceleration is v?/r. Then the centrifugal 
force on the mass is p dA dr v t 2 /r. If the pressure changes from p to 
p + dp as the radius of the path changes from r to r -}- dr, the resultant 
pressure force toward the center is dp-dA. With no other forces acting 
in the horizontal plane 

v t 2 , , 

p — dr = dp 


Substituting for v t its value C/r as above, 



(2) 
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whence 


or 


T wC 2 1“1 2 

P Ji 2g r 2 Jj 


P2_Pi = CVj__ 1 \ 

w w 2g \ri 2 r 2 2 / 








Since there is no energy input or withdrawal and a frictionless system 
was postulated, then, by the Bernoulli theorem, in any horizontal 
plane in a free vortex, at any radius r, 


E + 2 = // _ 

w 2 (j 



in which II = total head. 

E 

w 


Then, since C 


z = II - 


2 g 


"i.ir i 



*'<.27-2, etc.. 


(4) 
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It follows from this equation that as r increases the final term approaches 
zeio. In a free vortex with a free surface, p/w at any point in the body 
is the vertical depth below the free surface, whence it follows that the 
curve of the surface in any axial plane (axis vertical) approaches H as 
an asymptote. It also follows that as r approaches zero v t must approach 
co m order to keep this term of the equation real, or that {p/w) + 2 
must approach — <x> t which is what is implied in Fig. 7. 

If a free vortex is enclosed between parallel horizontal plates or their 
equivalent, as in Fig. 9, and piezometer tubes are erected as indicated, 
the pressure heads therein toward the periphery define the same curve 



as would be taken by a free surface, if friction is neglected. In any 
actual case ol this kind, however, as the axis is approached pressure 
does not become infinitely negative, but the pressure curve changes to 
a parabolic form, and velocity falls to zero at the axis. This is character¬ 
istic of the forced vortex. 

A forced vortex is obtained when a body of fluid is caused to rotate b 3 ' 
external force, as by rotating the container, or by mechanical stirring 
or other means of producing tangential impulse, as by peripheral intro¬ 
duction of fluid. The resulting free-surface conformation in an open 
vessel (item A) and the piezometer heights in a closed container (item B), 
with rotation around vertical axes, are shown in Fig. 10. It is to be 
noted that whereas the pressure-head curve of the free vortex is convex 
upward, that of the forced vortex is concave. 

In a forced vortex formed by rotating liquid in an open vessel or 
stirring it with deep radial blades extending to the periphery inspection 
indicates that the liquid mass behaves in so far as the rotary motion is 
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concerned as though it were a solid, whence it follows that v t = rco. 
Then, by substitution in Eq. 2, 


and 


whence 


w 


dp = pu> 2 r • dr = — u> 2 r • dr 

9 





The nature of the relation between p and r is seen by making r\ = 0, 
whereupon 


P2 _ u> 2 r-z 2 ^ po 

w 2g w 



This is a parabola symmetrical to the vortex axis and defines the elevation 
of the free surface relative to a plane po/w below the vertex. 

Shifting the datum plane to the vertex (p^/w — 0), it follows from 
Eq. 6 that, for the forced vortex, 


p _ (jj 2 r 2 

w 2 g 




or that the pressure head at any point relative to the vertex as a datum 
equals the velocity head, whence the total head relative to the same 
datum is 






If fluid is added at the periphery and discharged at the axis, the vortex 
becomes a sink vortex and there is an added loss of pressure head owing 
to the radial horizontal flow, amounting to 


J>r,2 _ PrA V*rA ~ r.2 

w w 2 g 



The total loss of pressure head in moving toward the axis is, then, 

-PL 2 _ 1±1 = (r- 2 - n 2 ) + ” 2r - 1 ~* 2r - 2 

w w 2g 2 g 


( 10 ) 


Considerable controversy exists as to whether the vortex in cyclone 
separators is free or forced. In Fig. 11 the experimental points marked 
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X are piezometer readings taken in a 16-in. cylinder, 4 in. high with a 
4-in. central opening to the atmosphere, when fed with 100-lb. air 
through peripheral nozzles pointing tangentially to a circle of about 
8-in. diam. (Similar readings were obtained when the air was intro¬ 
duced tangentially through a tangential injector.) The full line 

750 1 - 1 - - ----- generalizing the pressure points 

(except the two near the wall) is 
a calculated parabola with the 
equation y = 0.16a; 2 , where y = 
in. Hg and x = radial distance 
to pressure point. The fall in 
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Fig. 11. Velocity and pressure in forced Fig. 12. Typical flow lines on the top 

vortices. plate of a high-velocity air cyclone. 

pressures near the wall is, of course, due to frictional resistance. Hence 
a P pears that the vortex in a high-velocity small-diameter cyclone 
is a forced vortex (cf. Fig. 9, left-hand side, with Fig. 10, item B). 

t follows from Eq. 7 and the discussion of its development that the 
tangential velocity should vary reetilinearly with the radial distance 
bom zero at the axis to a maximum at the wall. The circle points in 
h ig. 1 show the velocities calculated by Eq. 7 from the plotted pressures, 
these aie a reasonable approximation to the theoretical straight line. 

J. -w l t i • • ' a cyclone can be 

tiaccd by atomizing paint into the gas stream. Figure 12 indicates 

four lines thus traced on the top plate of the apparatus described in 

connection with Fig. 11. The appearance of the plate as a whole may 

jc inferred from the fact that at least three similar streaks are dis- 

mguis lable on the original photograph between the closely spaced pair 
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Velocity and pressure in forced 
vortices. 



Chap. 7] 


CYCLONES 


117 


of dotted lines. The wall circle on the photograph was 6-in. diam. 
corresponding to 16 in. for the plate itself. 

This 4-in. top zone of the cylcone was receiving 170 c.f.m. of free air 
through the nozzles, and about 20% more was being aspirated by the 
nozzle in the large pipe, say, 200 c.f.m. total. The central opening was 
directly to the atmosphere. Pitot-tube impact measurements across 
the opening indicated velocities corresponding to a static pressure within 
the apparatus of 0.7 in Hg. Hence by Boyle’s law the air volume 
flowing radially inward was 196 c.f.m. The corresponding flow per 
linear inch of periphery was 3.9 c.f.m. The average cross-section of the 


A 



Outside 



Inside 


wedge-shaped radial path from this 1-in. peripheral section was % by 
4 in., from which the radial velocity was 3.7 f.p.s. The average tan¬ 
gential velocity (unweighted) of the gas was 440 f.p.s. The time 
required for the radial travel was 0.135 see. The average length of the 
tangential gas path was 2.6 ft. The average number of circuits per 
second was, therefore, 169 and the number in 0.135 sec. was 23. Hence 
the mean path for a simple composite of tangential and radial flow in 
the apparatus should show 23 such turns as are indicated diagram- 
matically in Fig. 6, whereas the actual tracing in Fig. 12 indicates less 
than one-half full turn from periphery to outlet. 

The explanation of this discrepancy lies in the phenomenon of second¬ 
ary flow, which is characteristic of the movement of fluid in curved 
channels. Figure 13, item A, is from a tracing similar to Fig. 12 of 
high-velocity gas flow around a 180° bend having an outlet I) to the 
atmosphere. The view of the same bend from the other side is a mirror 
image of the view shown; the view from the outside of the bond shows 
the lines forking at an acute angle from the central plane, and corre¬ 
sponding convergence appears on the inside of the bend. Item B, 
Fig. 13, is a tracing of the path of a single filament of colored water in a 
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slow-moving stream of water around a similar but larger-radius bend, 
wherein the single dotted line moves from inner periphery to outer 
peiiphery along the central plane of the pipe and from outer to inner 
peiipheiy along the wall. It follows that at any transverse section of 
a curved pipe carrying a fluid stream the components of the flow in the 
plane of the section are as shown in item C, Fig. 13. The similarity of 
the paint tracings shown in Fig. 12 in a channel of rectangular cross- 
section and in Fig. 13, item A, in a channel of circular cross-section 
shows that the phenomenon is not peculiar to the circular channel. The 

lack of disturbance of the lines at the bleed-off D 
in Fig. 13, item A, shows that continuity of the inner 
wall of the bend is not essential to the secondary flow. 

1 he same conclusion follows from analysis of Fig. 

12. Thus the central angle subtended by trace AB 
on Fig. 12 is approximately 150°. At the average 
tangential velocity of 440 f.p.s. it would require 
0.0025 sec. for the stream to cover this arc. lienee 
this is the time indicated for the G-in. radial wall flow 
from A to B, corresponding to a radial velocity of 
200 f.p.s. If the wall markings in Fig. 13, item A, 
denoted a full-section flow, i.e., without the return 

central core, it would signify a discharge of 7 ^^ ^) 

= 10,800 c.f.m., as compared with the 200 c.f.m. 
fed. Hence the same outward flow along the central 
section is indicated in Fig. 12 as must occur in Fig. 

13, item A. This conclusion is substantiated by 
the fact that replacing outlet D, Fig. 13, item A 

(4-in. tubing), by slots of various widths from in. to 1 in. extending 
the full length oi the inner periphery did not change the nature of the 
flow lines. Further, in 4-in., 3G0° continuous tubing, the paint tracings 
were similar to Fig. 13, item A, and indistinguishable in angularity 
whether the outlet from the inner periphery was a single 2-in. tube or a 
continuous slot of the same or greater area. 

No similar tracings for a cyclone have been made, to the author’s 
knowledge, but Shepherd and Lapple reported flow measurements in 
the upper part ot a gas cyclone that showed velocity components in an 
axial plane as indicated by the full flow lines in Fig. 14. 

This is confirmed by Driessen’s photograph of the scoring on the top 
plate of a wet cyclone, which is entirely similar to Fig. 12. Downward 
flow along the wall of the cone is indicated by the fact that deposited 
solid is swept to the apex in an operating cyclone but that a residual 



Fig. 14. Secondary 
How in a cyclone. 
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layer hangs up when the gas supply is cut off. Upward flow along the 
cone axis is indicated by aspiration of air into the apex of a wet cyclone 
and, of course, by upward carriage of solid in both wet and dry machines. 
Top closure of the bottom secondary spiral is indicated by the fact that 
optimum separation of solid from fluid occurs when the top outflow 
pipe extends to or near the cylinder-cone junction and bottom closure 
necessarily follows. 



A 


Fig. 15. Boundary-wall flow lines in a cyclone. 


The movement of gas in an unloaded or not overloaded cyclone 
is a composite of the elementary motions of Figs. (>, 13, and 14. It 


is one single forced spiral vortex which traces a path 
side walls as shown in Fig. 15, item A; on the top 
12; on the outside of the overflow pipe as the full 


on the exterior 
plate as in Fig. 
linos in item li, 


Fig- 15; 


and on the inside of the same pipe as in the dotted lines of the 


same figure. 

Typical tangential-velocity profiles are of the nature shown in Fig. 16. 
1 heir slopes vary according to the energy, potential plus kinetic, of the 
inlet stream. The decrease in slope at the various boundary walls is due 
to friction. With low energy of the inlet stream, the velocity curve 
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may become somewhat convex upward, indicating a vortex character 
intermediate between the free and forced types, as in Fig. 9.* 





Fig. 16. Typical tangential-veloeity profiles at different sections of a cyclone. 


Solid particles entering with the fluid stream may be considered as 
moving substantially parallel with the axis of the inlet pipe with a 
velocity equal to that of the fluid. As the fluid is turned by the back 

^ T, 'i C o dlfflCUlty l hl (lirect res °lution of the dispute as to the character of the 
vortical flow in the cyclone arises from inability to measure directly the static 
pressure in the whirling mass. Total pressure is readily determinate by Pitot-tube 
readings, but m small high-velocity machines static-pressure indications are largely 
components o the impact of fluid striking the static-pressure openings at an angle 
nc method of estimation of static pressure was discussed in connection with Fig. 11. 
In attempts to check that method, measurements were made on a high-velocity 
vortex in an anchor ring of 4-in. pipe with a mean radius of 6 in. Gas was jetted 
in at the outer periphery and discharged to the atmosphere through a slotted 
opening on the inner periphery. The pressure difference necessary to effect gas 
discharge at the feed rate prevailing was 0.9 in. Ilg. An estimate, admittedly 
crude, of the power available at the jets, the efficiency of the crude engine, and the 
mean velocity as calculated on the basis of the preceding sentence, gave a pressure 

of 1.1 in. Ilg. An estimate based on pressure losses owing to friction in the 
anchor ring gave a pressure of 0.7 in. Hg. 

I he importance of the correct static-pressure determination will be apparent 
from examination of the Pitot-tube equation for gases: 


.-V^nr^-2- j [,-(££) 


(•V —1)/Tj 


(ID 


in which 7? is the gas constant, 7’, is the absolute temperature, y is the ratio of specific 

leats with values of 1.3, 1.4, and 1.67 for triatomic, diatomic, and monatomic gases, 

respectively, and p T and p s are, respectively, the total and static pressures. This 
reduces to 


v = 2,510 




0-286 


for air at normal temperatures, using English units of measure. 


(12) 
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pressure reflected from the curved walls, the solid particles tend to 
continue in straight lines to the walls, and the coarser, for all practical 
purposes, do so. The fines, however, are held in suspension by the 
eddying turmoil in the fluid and tend to follow the general fluid path. 

From what has already been said about fluid velocities in cyclones it 
must follow that rigorous analysis of the forces acting on the solid 
particles in the fluid stream, which forces depend upon the fluid velocities, 
is not possible. Two methods of attack do, however, lead to equations 
that produce answers of the right order of magnitude. These, with 
suitable empirical constants differing with different types of apparatus, 
permit design estimates. Both methods assume that Stokes’s law of 
fluid resistance applies, which is generally true of the very fine sizes at 
which splits are made. 

Method I assumes that the radial travel of a particle is due solely to 
the resultant of the centrifugal force acting on the particle traveling 
with the speed of the tangential component of the fluid spiral and the 
Stokes resistance to radial outward movement under such a force. It 
then equates these two forces for the equilibrium condition, as was 
done in Chap. 5 for gravitational settling. Assuming spheres, the 
resultant equations are: 
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where subscript t denotes tangential, r is the radius of curvature of the 
spiral at the point occupied by the particle under consideration, sub¬ 
script r denotes radial, co is angular velocity in radians per unit of time, 
subscript C denotes centrifugal, and other symbols have the significances 
previously assigned. 

If Eq. 15 is divided by Eq. 10, Chap. 5, the resulting equation is: 



( 10 ) 


which is the ratio of the centrifugal to the gravitational acceleration. 
By substituting <*c for y in the gravitational free-settling equations, the 
corresponding centrifugal equations are found. 

Next, neglecting the variation of centrifugal force with distance from 
the axis of rotation, the time for radial displacement s r from the periph¬ 
ery of the outlet pipe to the periphery of the separating chamber, and 
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the time available for such travel, which is given by V ey /Q, are equated 
and the following value for cl', the separating size, is obtained: 



4 
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wherein V cy is the volume of the cyclone, Q is the volume of fluid 
throughout per unit of time, and x is an experimental constant, approxi¬ 
mately 0.5 for high-velocity separators. 

Method II equates the value of v r by Eq. 15 to Q/A, where A is taken 
to be the area over which fluid discharges radially inward from the 
separating zone, and Q has the value assigned in Eq. 17. This is a 
modification of the area principle. Then 




(18) 


Equations 17 and 18, although useful as a condensed list of the 
probable fundamental factors affecting separating size in the cylcone, 
are illusory to the engineer faced with cyclone design and operation. 
They neglect scour of deposited material by the gas stream and the 
effect of eddies in prolonging suspension, because available knowledge 
does not permit quantitative or correlative expression of these quantities. 
They imply the possibility of defining a critical r and determining the 
corresponding v t , which nobody has succeeded in doing yet. They 
neglect secondary flow. They ignore the eddy-producing effects of 
wall deposits and the overloading which occurs when these avalanche. 
They neglect moisture and electrical effects in dry separators. Or, 
rather, they lump all these into the innocent-looking empirical “con¬ 
stant” x. which is actually much more complex than the factor which 
it multiplies. 

From the practical standpoint the attention of designers and operators 
has centered on empirical correlations between fluid throughput, energy 
loss, separating size, and cyclone proportions. The output of straight 
lines on semilog, log-log, and other variously scaled paper has been 
tremendous, and for most of them equations have been written of the 
general form 

F(a,b,c, etc.) = K • f(x,y,z, etc.) 


wherein K is a function of the Greek alphabet masquerading as a con¬ 
stant. These correlations are, however, important as “best evidence.” 
Shepherd and I..apple reported that, for gas cyclones and in terms of 
velocity heads, friction loss in the cyclone up to the entrance to the 
outlet duct varies as the square of the inlet velocity; for a particular 
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velocity, loss varies as the ratio of the areas of inlet and outlet ducts; 
dust in the stream reduces pressure drop; straightening vanes leading 
into the exit duct (reducing swirl therein) lower pressure drop markedly; 
the length of inward projection of the exit duct does not affect pressure 
drop nor does the size of the cyclone; the determining factor in the 
pressure drop is the proportioning of the structure. The wet cyclone 
shows similar correlations. 

The principal uses of dry cyclones in ore dressing are as dust collectors 
in systems using vacuum pick-ups at dust-producing points in crushing 
plants, and for sizing of fine dry powders produced by grinding or 
otherwise. Wet cyclones are used for sand-slime separations and ex¬ 
perimentally for sink-float separation at finer sizes than can be treated 
in devices depending on gravity alone (see Chap. 9). 

The dry cyclones used in dust-collecting systems are normally of 
large diameter (3 to 20 ft.) and are intended only to drop out the 
bulk of the > 100-mesh sand, while air filters (Chap. 3) are depended 
upon for the removal of fine dust. 


Air classifiers, in which the vortex is forced by fans, are used for 
cleaner sand-dust separations than are possible in the simple cyclone. 
The essential elements are a cylindro-conical tank A (Fig. 17), a rotating 
feed plate B, one or more fans C , an internal hopper D with a vent pipe 
extending through the outer shell, shutters E connecting the inner and 
outer compartments, and various Goldbergian baffles and other gadgets 
to characterize the variants of different manufacturers. Feed enters 
through F and falls onto B, whence it is discharged radially by centrif¬ 
ugal force with particle momenta that increase with particle mass, i.e., 
with size if, as is usual, all particles are of substantially the same density. 
The radial sheet of material leaving the periphery of B is winnowed by 
a rising current of air, which is circulated by fan C and enters the 
inner compartment through shutters E. The shutter leaves are set 
to give this rising air a whirling motion which may be accelerated by 
lower fan blades. Centrifugal separation of the suspended material is 
thus effected, the coarser part being thrown to the walls of the inner 
compartment to join that carried there directly from plate B. As this 
material moves down past the shutter zone, it is again winnowed by the 
entering gas stream and then moves on down and out through the dis¬ 
charge pipe G. The finer fraction passes up and over the top of the inner 
compartment to the outer, where it is thrown to the walls and slides 
down to the discharge vent //. Classifiers of this type are made in 
diameters of 4 to 18 ft. and are operated at corresponding drive-shaft 
speeds of 400 to 150 r.p.m. Corresponding capacities are from 1 to 50 
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t.p.h. on <48-mesh feed of 2.7 to 3.0 sp. gr. when separating at about 
150-mesh. 

The small high-velocity dry cyclones (diameter usually less than 
3 ft.) are used where separations at 325-mesh or finer are wanted. They 
can make recoveries of well upwards of 90% of the fraction of dust 
coarser than 50-^, but recovery falls rapidly with further decrease in 



Fig. 17. Air classifier. 


particle size. Since the fraction of ultrafine material in most rock dusts 
is small, these machines are satisfactory for dust collection when vented 
outdoors. Power is the principal cost item, amounting to 0.5 to 1.25 hp. 
per 1,000 c.f.m. of gas throughput, the higher figures being for the finer 
separations. The smallest machines, of 0- to 9-in. diam. as required for 
the finest separations, are normally set in batteries. One such assembly 
is shown in Fig. 18. Feed enters the common feed chamber a and 
distributes via spiral deflecting vanes attached to the lower ends of 
outlet tubes c to the various cylindro-conical vortex chambers d. 
Settled solid drops into the common collecting hopper e and gas 
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passes upward through tubes c into chamber b and thence to an 
outlet pipe. 



The wet cyclone (Fig. 19) used for fine desliming of liquid pulps 
(slurries) is not essentially different from the small-diameter dry 
cyclones. The essential parts of the machine are the jetted tangential 
inlet A into cylindrical section B , a conical lower section C terminating 
in a delivery spout D for the 
coarse and/or heavy fraction, 
and a downwardly projecting 
take-off pipe E delivering a 
fine and/or light fraction into 
splash head F. Owing to the 
fact that the viscosity of 
water is something more than 
50 times that of air at normal 
temperatures, the fluid resist- 


Fia. 18. Multiclone. 


Fig. 19. Wet cyclone. 


ance to be overcome by centrifugation in the wet machine is correspond¬ 
ingly greater (Eq. 11 ) and tin* cyclone diameter must be smaller to build 
up the requisite centrifugal force (Hq. 2 ). Cylindrical sections arc gen¬ 
erally less than 15-in. diam.; cone angles are 15 to 20°. Inlet-nozzle 
pressures are in the range of 15 to 50 p.s.i. gage. 
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It has been found that performances vary greatly with both the actual 
and relative diameters of upper and lower outlets and of the inlet nozzle. 

It follows that ready adjustability of these dimensions should be a part 
of all designs. 

The nature of the spigot discharge varies according to operating con¬ 
ditions. Under what may be taken as normal conditions the discharge 
is a peripheral whorl breaking into a spray as it leaves the support of 
the spigot wall. At the same time air enters the center of the issuing 
whorl and discharges through the center of the similar pheripheral 
v horl at the top of the overflow pipe. Since there is no sputtering or 
boiling sound, it is inferable that the air column is continuous from 
bottom to top, constituting the core of the vortex. 

The cause of the air core in the apparatus shown in Fig. 19 is probably 
two-fold. The first cause is the drop in the center and rise at the sides 
of the whirling liquid as pictured in Fig. 10, item A. Flow of spray 
through G (Fig. 19) carries air out and leaves a partial vacuum in head 
F, which is accentuated within the vortical depression by the tangential 
sweep of liquid over the top edge of E. Since the vertical distance from 
overflow to spigot does not exceed 4 ft., the reduction in pressure within 
the depression need not be in excess of 0.13 atm. for atmospheric pressure 
at the spigot to lift overlying fluid until a break-through into the upper 
vortex occurs. 

Yancey and Geer report that when the overflow tube projects to the 
level of the junction between cylindrical and conical sections solid 
recovery is a maximum and there is a minimum of tramp oversize. 
Reference to Fig. 14 shows that this is the natural location for the 
junction of the upper and lower secondary spirals and consequently the 
region here secondary flow aids centrifugal force in carrying suspended 
material to the walls. 

Experiments reported by Yancey and Geer, Dahlstrom and Maeser, 
and Fraser ct al. agree generally in showing that, although throughput 
with a given feed orifice increases with increase in feedline pressure, 
solids recovery does not increase. The inference is, of course that 
shorter residence time counterbalances the increase in settlement rate 
resulting from the velocity increase. On the other hand, if pressure 
increase is accompanied by reduction in nozzle area so as to keep 
residence time constant, solid recovery is increased. 

Decrease in spigot diameter increases pulp density in the underflow 
and at the same time reduces the activity of the discharge whorl. If 
the reduction in diameter is carried too far, the air core is lost and solid 
elimination decreases sharply. 

Decrease in overflow diameter decreases the solids content of both 
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overflow and spigot products. Solids in overflow increase with solid 
content of feed. 

All the data reported are consistent with a picture such as that shown 
in Fig. 20 in which the particle distributions at the cone-cylinder junction 
and the spigot are illustrated diagrammatically. To the left of C the 
larger particles have become sorted by size according to their settling 
velocities and correspondingly crowded, whereas to the right of C the 



Fig. 20. Diagrammatic .sketch of particle distribution in a wet cyclone. 

unsorted particles are representative of the solid held in suspension 
throughout the medium by eddying of sufficient violence to overcome 
centrifugal forces. If the overflow wall is placed at C or anywhere to 
the right thereof, only this material overflows. The sorted material to 
the left is gradually driven down the wall by the wall branch of the lower 
secondary spiral (Fig. 14), becoming more and more crowded and inter¬ 
mixed until it discharges at the spigot as indicated. If C is moved to 
the left, the spigot size remaining constant, more water overflows and 
some of the finer sorted solid goes with it. Less water is then available 
at the bottom, the discharge becomes thicker and more sluggish, and the 
removal of coarser material at the top makes the spigot product coarser. 
Moving C to the right decreases the amount of overflowing liquid and 
consequently the amount of solid removed there without affecting its 
size. The water rejected at the top is forced out the? bottom, diluting 
the underflow. If spigot diameter is decreased with C in the position 
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shown, the wall deposit at the spigot moves toward the axis, the air-core 
diameter is decreased, and the fluid head, determined by the overflow 
level, is unchanged; hence water-efflux velocity is unchanged, whereas 
back pressure owing to friction of solid in the spigot increases. Hence 
spigot discharge becomes sluggish and coarser material is lifted out by 

the enhanced axial upflow, more and coarser ma¬ 
terial overflows, and spigot product is correspond¬ 
ingly coarser. 

Performance data on the wet cyclone as a de- 
slimer are not yet sufficiently numerous for gener¬ 
alization. The most work to date has been done in 
removal of coarser solid from bituminous-washery 
circulating waters. In this service capacities per 
square foot of horizontal area of about 250 times 
that achieved in gravity thickeners (Chap. 8) are 
reported. As a set-off to the first-cost savings, pump 
capacity to deliver the feed at 20- to 40-lb. inlet- 
nozzle pressure is required, and pump, nozzle, and 
spigot maintenance must be charged. 

Hydraulic classifiers are apparatus in which par¬ 
ticle-size separations are made by collinear opposi¬ 
tion to gravity of drag forces produced by a rising 
current of introduced water (hydraulic water). The 
central element of such an apparatus is the sorting 
Normally this is a cylindrical tube, 1 in. and upward 
in diameter, set vertically, with water supplied near the bottom and divid¬ 
ing between spigot and overflow discharge. Feed is introduced at any 
point above the water supply, but in most commercial machines at the up¬ 
per end. Particles of different sizes and different specific gravities fall rel¬ 
atively to the water at velocities which, neglecting shape and orientation, 
correspond to the experimental sphere curve. Whether they fall or rise 
relatively to the column wall depends upon the rising velocity of the 
water relative to the wall. If this velocity lies between the falling 
velocities relative to the water of the largest and smallest particles in 
the feed, the large fall and the small rise, and a size separation is effected. 

If the feed contains particles of different specific gravities as well as 
different size, the split size for the heavier mineral will be finer than for 
the lighter, with the result that the overflowed light mineral will average 
coarser than the overflowed heavy, whence the same will be true of the 
spigot product. Thus, with respect to any given mineral in a feed of 


Feed 



Fig. 21. A sorting 
column. 


column A (Fig. 21). 
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mixed minerals, the sorting column separates coarse from fine: with 
respect to the mixture, its products are mixtures of coarser light and 
finer heavy. Such mixtures are called classified feeds, since they 
normally are sent to concentrating apparatus for separation of the 
mineral species. 

Hydraulic classifiers are normally built with a plurality of sorting 
columns arranged in series so that each after the first receives as feed the 
overflow of its predecessor. If the means of transport from column to 
column is a simple inclined trough, the machine is a launder classifier 
(Fig. 22, item A); if the launder is modified by putting flaring walls 



Fig. 22. Methods of transport in multispigot hydraulic classifiers. 


above it and closing the lower end, so forming a V-tank, it becomes a 
tank classifier (Fig. 22, item B). So far as sorting-column action is 
concerned there is no difference. But the method of transport does 
make a difference both in the character of feed presented to the columns 
and in the method of presentation, and these differences affect the prod¬ 
ucts of columns. The tank of the tank classifier is a V-box deslimer, 
and in so far as it is efficient, carries slime and fine 
sand in suspension well toward the tail end before 
they fall to the bottom and are presented to sorting 
columns. The coarser sands, which drop out almost 
immediately on entry, progress from column to 
column essentially by rolling along the rather steeply 
sloping tank bottom, substantially unaffected by the 
longitudinal tank current. Hence they have very 




little horizontal velocity of approach to a column and 
have correspondingly full opportunity to settle into 
it, if their settling velocity exceeds the rising water 
velocity therein. With launder transport, on the 


Fig. 23 . Roughing 
pocket with sub¬ 
mergence battle for 
launder-type classi- 
fier. 


other hand, although there is differential sedimenta¬ 


tion and the heavier particles roll along the bottom more slowly than 
the water and finer suspended particles travel, practically the entire 
stream is forced down and immediately across each column top by a 
submergence baffle a, Fig. 23. Furthermore the horizontal velocity 
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through the roughing pocket is high, tending to cause particles that 
should settle to jump across. Hence both spigot products and final 
overflow tend to be of longer range for minerals in each gravity group 
than the products of the tank machine. 

Indeed, the product of any sorting column is always of much longer 
range in a given mineral than is to be expected from application of the 
experimental sphere curve to theoretical velocity conditions in the 
classifier. The coarse end has been discussed. The fines result from 
large-amplitude eddying in the column such as those in Fig. 21, caused 
by the inflowing water. In a multicolumn launder machine, with a 



Fig. 24. 


Water inlets for hydraulic classifiers. 


swift current sweeping across the top of the columns, eddies which are 
downcolumn on the downstream side are always set up. These cause 
fine sands which should never get into the column to enter, and if eddying 
in the same sense persists to the bottom, part of the fines discharge as 
spigot product. 

Many schemes have been tried to eliminate harmful eddying produced 
by hydraulic water. In general they group into two kinds. Multipli¬ 
cation of inlets to the column reduces the velocity at each inlet and so 
reduces the intensity of the eddies. If the axes of the entrance streams 
are randomly pointed, the resultant eddies tend to neutralize and become 
smaller. Controlled spiraling is effected by introducing the water with 
a large tangential component of direction. This tends to set up a water 
spiral with axis coincident with the column axis. Item A, Fig. 24, is a 



Chap. 7) 


REVIEW QUESTIONS 


131 


simple form of such an apparatus; item B of the same figure is a multiple- 
inlet device with radial and tangential inlets alternated, thus combining 
the two methods. Tank-type transport minimizes top eddying. 

Review questions 

1. Define: placer; classification; gravity separation; gravity concentration; 
commercial free-settling; equal-settling ratio; settling pond; area principle; de- 
sliming; V-tank; sloughing-ofT box; sand tank; cyclone; hydraulic classifier; 
sorting column; classified feed; launder classifier; tank classifier; spigot product; 
Pitot tube; centrifugal coefficient; forced vortex; free vortex; centripetal force; 
centrifugal force; slime. 

2. What is the characteristic difference between free-settling and hindered- 
settling? 

3. Distinguish true free-settling from commercial free-settling. 

4. What determines whether a particle will remain in a settling pond? 

5. Give the key relations underlying two methods of developing the mathematical 
statement of the area principle. 

G. Give the essential dimensions of a settling pond for clarifying the water from 
the tailing of a mill treating 500 tons of siliceous ore per day, making a 10: 1 ratio 
of concentration, the tailing containing 20% solids by weight. The overflow should 
contain no solid coarser than 10 -m. 

7. State generally the coverage of the area principle. 

8. Distinguish desliming from clarification. 

0. Name the essential structural elements of a desliming tank in terms of their 
functions. 

10. What would be the effect on the character of the overflow of a V-tank 20 ft. 
long and G ft. deep, if the feed and overflow positions were changed from opposite 
ends to opposite sides? 

11. If the tailing of R.Q. G contained >200-mesh sand that was wanted for return 
to the mine for filling worked-out openings, what would be the essential dimensions 
of a V-tank to recover the sand? Of an Allen cone? 

12. In general terms, what alternative expedients are employed for maintaining 
thick sand discharges from desliming tanks? 

13. Explain the operation of a Caldecott cone. 

14. Describe the operation of the Allen cone. What is the function of the spring 
attached to the left side of the tank in Fig. 2? 

15. Describe the operation of a balance-controlled sand tank. 

1G. Sketch the component fluid motions that combine to produce the resultant 
flow in a cyclone. Describe how each of these components is produced. 

117. What methods have been used to determine direction and magnitude of the 
various fluid flows in the cyclone? 

tlS. In common application of the Bernoulli equation to the hypothetical fric¬ 
tionless flow of a stream of fluid, with no addition of energy, the symbolic state¬ 
ment is 

P «•' 

-+?+„= Const. 
w 2 g 

(See any book on fluid flow for definition of the symbols.) Using this equation, 
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explain the increase in velocity of gas in a cyclone above that prevailing in the inlet 
pipe. What are the dimensions of the constant in the equation? 

19. Define in symbols: centrifugal force; centrifugal acceleration; centrifugal 
coefficient. What are the dimensions of the last-named quantity? 

f20. State the key assumptions in the development of Eq. 17; of Eq. 18. 

t21. Determine and interpret the ratio x/x' from Eqs. 17 and 18 as applied to a 
given cyclone. 

f22. Determine the approximate minimum diameter of quartz dust settled in a 
cyclone of 8.5-in. mean radius and 17.5-ft. height with air outlet 12-in. diam., when 
fed with 10,000 c.f.m. of dusty air delivered at 70 deg. F. and 2,500 f.p.m. velocity. 
Pressure drop through the cyclone is 4 in. water gage, of which 90 % may be taken 
as owing to conversion from pressure head to velocity head. Take v = 1.86* 10 -4 
poise, p = 0.075 lb. per cu. ft., and x = 0.4. 

23. The total pressures by Pitot-tube measurement at equal intervals along a 
diameter at the mean section of a high-velocity air cyclone were, in in. of mercury: 

1.8, 1.4, 1.2, 1.0, 0.5, 0.1, <0.05, 0.2, 0.4, 0.9, 1.3, 1.5, 1.8 

The estimated static pressure was 0.5 in. water gage. Draw a velocity profile on 
the diameter. Take It = 53.3 cu. ft-lb. per sq. in. per °R per pound mol. and 
temperature 70 deg. F. 

24. What kind of separation is performed in a hydraulic classifier? 

25. If the rising current in a single spigot of a hydraulic classifier is increased, what 
effect does the change have upon the mean size of the spigot product? Of the over¬ 
flow? 

26. Discuss the effect on operation of a classifier of the method employed to 
transport the feed to successive spigots. 

27. Why is the spigot product of a commercial sorting column always of longer 
range than is to be expected from a natural feed of a given limiting size? What is 
done to correct this condition? 

128. Sketch the gas currents in a cyclone separator and explain how they effect 
separation of solid particles according to size. 

29. Calculate the centrifugal coefficients at the various pressure points of R.Q. 23, 
assuming outer points in. from walls and 2 in. between points. 

30. It is a consequence of Eq. 1 that the critical size for a given pond—which, by 
Fig. 3, Chap. 5, follows from the critical velocity—is unaffected by the depth. Yet 
Fig. 1 would indicate that with depth changed to h \ the critical size would decrease, 
and that for It = It 2 it would increase. Explain the apparent discrepancy. 

31. Represent a natural feed by a series of, say, a dozen circles or squares, ranging 
in order downwardly on the paper from the smallest size that can be conveniently 
drawn free-hand to a maximum determined by the attempt to make each successive 
figure perceptibly larger than the preceding one. Assume that the smallest figure 
represents a < 200-mesh j>article, that the next larger is 200 ~ 150-mesh, and so on 
according to the V / 2 testing-sieve series. Using for each case the required number 
of such representations side by side, shifting them to bring theoretically equal free- 
settling grains to the same levels, indicate the products from a three-spigot classifier 
treating a feed of quartz and galena; sphalerite and calcitc; galena, sphalerite, and 
quartz. Estimate from the arrangements the free-settling ratio of each product. 
Check the estimates by calculations of the ratios. 
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t32. Assuming that the composition of the pulp in the sorting column of a free- 
settling classifier just dropping 28-mesh quartz is 25% solids, what must be the 
diameter of the column to settle 10 tons of such material per 24 hr? (Assume the 
mean sp. gr. of the settling solid to be 2.7.) 

33. Write equations for the quantities v v and v /f in Fig. 1. 

34. How long, wide, and deep should a 60° V-box be made to deslime, at 200- 
mesli separating size, a long-range natural feed of 10-mesh limiting size in a pulp 
containing 20 % solids and flowing to it at a rate of 100 tons solid per 24 hr. ? Assume 
a quartz gangue with chalcopyrite, and a shape-orientation factor of 0.75. 

t35. Below a mill treating 100 t.p.d. with a concentration ratio of 6:1 there is a 
valley that falls 90 ft. per mi. available for tailing ( <65-mesh). Side slopes average 
1:10. Settled solid weighs GO lb. per cu. ft. Tests show that allowable solid content 
in overflow is exceeded if maximum part icle size in overflow is greater than 5-^. How 
high must a dam be built to insure settling down to this size? How long would such 
a dam serve? How would you build it? Take 25% solids in tailing. 

36. A 65-mesh quartz particle enters a V-box by a launder which is substantially 
horizontal at the point of entry. The velocity of the stream is 300 f.p.m., and its 
cross-section is Mo that of the box. Plot the trajectory of the particle if the depth 
of the box is 5 ft. 


t37. Assume that the pipe in Fig. 13, item A, is 4-in. I.D., that the radius CA is 
8 in., and the angle ACB is 120’. Assume that the mean velocity of gas along the 
axis of the pipe is 500 f.p.s. Calculate the transverse velocity of gas along the wall 
indicated by paint line AB. 

t38. Assume that the volume of free air fed to a closed system of which Fig. 13 
item A, is a part is 200 c.f.m. and that the discharge at D is at the same rate, whereas 
the mean axial velocity is 500 f.p.s. On average, how many axial circuits does each 
molecule of gas make? What is the cause of the multiple circuits? 

t39. Assume that two straight legs 12 in. long join two bends like the one pictured 
in I'lg. 13, item A (except that the other bend has no gas outlet), and that the air- 
feed rate is as in R.Q. 38. Calculate the mean radial velocity of air flow on the 
assumption that the inlet air is uniformly distributed around the entire outer 
periphery. (Neglect secondary flow.) With the axial velocity postulated in It O 38 
and this mean radial velocity, how many turns will there be in the spiral path of the 
air from outer to inner periphery? 

t40. Assume a 10- M quartz sphere at a given instant moving axially with the gas 
stream at the center of the pipe on the line AC in Fig. 13, item A. Conditions as in 
R.Q. .iH. What will be the centrifugal force acting on the particle? What will be 
the ra.lad f ui,l-,lrag force? The particle will, in general, discharge at D. Explain. 

MR Sohd particles which are thrown to the outer periphery of a bend in the appara¬ 
tus of R.Q. 39 are swept along by the gas stream. Assume a quartz particle of the 
mass of a quartz sphere 0.8-mm. diarn. so moved. Assume that the axial velocity 
component of the adjacent gas stream is GOO f.p.s. What is the maximum velocity at 

which the quartz particle can travel by sliding? (Take the coefficient of sliding 
iriction ius u.o.) ® 

M2. With the axial and transverse wall velocities of gas corresponding to R O 37 
assume a 0.8-mm. quartz particle instantaneously at rest against the wall in the 

.dO-oclock posHon in the transverse plane containing line CA (12 o’clock at A) 

t n wi t , “ tW T VC ’ What WiI1 bc the direction of its initial movement? 

M3. What determines the angle ACB in Fig. 13, item A? 
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f44. Distinguish between a free vortex and a forced vortex. Which type exists in 
a cyclone? 

t45. Pitot-tube and wall-piezometer readings in plane CA of Fig. 13, item A at 
stations indicated in Fig. 25, with 265 c.f.m. of air at 70 deg. F. flowing were: 

Station 1 23 4 5678 9 

Pitot-tube, in. Hg 5.4 5.5 4.7 4.45 3.9 5.3 4.9 4.8 5.25 

Wall piezometer, in. Hg 3.25 0.6 2.0 . . . . 2.1 



Fig. 25. Pressure stations for R.Q. 45. (Spacing on diameter 6—9 as on 1—5.) 


Efflux velocities at D, Fig. 13, item A, indicate that the static pressure in the bend 
is 0.8 in. Hg. Plot velocity contours and profiles on the opposing assumptions as to 
static pressures. Compare these with Fig. 11. Argue which has the greater proba¬ 
bility of truth. 

t46. How long should the valley of R.Q. 35 be to accommodate a 10-yr. discharge 
of tailing at the stated rate? 
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Chapter 8 

HINDERED-SETTLING 

All the classifiers discussed in the preceding chapter were of a type in 
which particle collision in the separating zone is relatively rare and has 
little effect on the character of the products. In this chapter discussion 
deals with apparatus in which the separating zone is so crowded that 
interparticle collision is practically continuous, and relative fall of 
particles involves repeated pushing apart of the lighter by the heavier. 
This is called hindered-settling. 

In true free-settling the maximum allowable crowding (10 ~ 20 
particle diameters) corresponds to approximately 1,000 to 8,000 particle 
volumes of water per solid particle. In u siliceous pulp at 25% solids by 
weight, which is a not uncommon consistency for feeds to free-settling 
apparatus, there are about 10 volumes of water per volume of solid, 
and in the settling zone the water-solid ratio is yet higher. But, in 
some hindered-settling apparatus, the volume of water per unit volume 
of solid is less than one. 

Such crowding brings about marked deviations in sedimentation rates 
from those derivable from Figs. 2 and 3, Chap. 5, additionally to the 
deviation caused by particle shape and orientation and illustrated in 
Fig. 1, Chap. 5. These deviations are always in the direction of lowered 
settling velocities, from which it is inferable that they denote increase 
in one or both of the fluid properties of the resistance equations (Eqs. 

5 and 9, Chap. 5) and/or possibly the introduction of one or more 
additional resistance factors. 


Perhaps the simplest hindered-settling system to study visually is in 
the sorting column of a hindered-settling classifier. If a free-settling 
sorting column, characterized by constant cross-section, is changed so 
as to expand in section upwardly—gradually or suddenly—the particle 
behavior in it is completely altered. Whereas before such a change 
settling particles would fall in a wobbly line but at a substantially uni¬ 
form rate from top to bottom, afterward they would tend to stop at the 
constriction and form, with others similarly stopping, a boiling mass of 
grains called a teeter column. The constricted portion is a free-settling 
sorting column. The volumetric water-solid ratio in the teeter column 
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ranges between 1 and 2:1; in it incessant collision is the order of the 
day. The teeter column increases resistance to settling, but does it 
selectively. It acts like a sort of stretchable screen which passes coarse 
but knocks back fines and knocks back light mineral of a given size more 
effectively than it does heavy. As a result the diametral ratio d L -d H is 
increased by comparison with the ratio in the interstitial fluid. Other¬ 
wise stated, hindered-settling is characterized by the fact that the 
diameter of the settling particle enters as an element in the resistance to 
its fall over and above its effect on superficial (Stokes) or projected area 
(Newton). This added resistance is analogous to a screening effect. 

Mathematical analysis of the action in a teeter column has not been 
accomplished. An early theory was that, because the interstitial 
velocity therein is higher than in the column as a whole, this difference 
is causative of the increase in resistance. This postulate, in so far as 
it implies free-settling at higher water velocity, fails, because it does not 
account for the difference in the equal-settling diametral ratio. 

A second postulate is that the teeter column may be considered a 
fluid of density equal to the composite of the solid and liquid in the 
suspension. As a check it substitutes r (pulp density*) for p in Eq. 21, 
Chap. 5, and for Z some figure from, say, 6 to 8, chosen from Richards’ 
data for the equal-settling ratio of quartz and galena under such cir¬ 
cumstances, and obtains values for r ranging from 1.6 to 1.9 and volu¬ 
metric water:solid ratios of 1.6 to 0.8. Then, making allowance for 
the fact that part of the teeter column is galena, volumetric water:solid 
ratios ranging between 1 and 2:1 are easily obtained. 

But the mere fact that by the postulate experimental settling 
velocities could be predicted without consideration of internal friction 
and particle inertia is sufficient to invalidate it. This may be crudely 
but nonetheless effectively demonstrated by imagining oneself part of a 


* The density of a suspension is given generally by the equation r == mp/Vp , 
the subscript P denoting pulp. Therefore 


= Vo6 + V iP 
V a + Vi 



Taking V a + Vi = Vp = 1 and substituting in Eq. 1 gives 


t = V a 5 + (1 — V a )p = Wajl “f“ *p 



where W<,/\ = dry weight of sand in grams per cubic centimeter of pulp = W a /Ah f 
h = the depth of the suspension, and e is the decimal fraction of interstitial volume. 
By suitable substitution in Eq. 2 


Wa 

A 


6 — p 



T 


6 


(3) 
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gigantic teeter column in which particle size and the interstitial velocities 
necessary for suspension have been magnified accordingly. 

The composite density of a suspension is a measure of its average 
buoyant effect and no more. In Eq. 7, Chap. 5, from which Eq. 21, 
Chap. 5, was derived, the p in the parentheses, for which r is to be 
substituted, came in as part of the submerged weight of the falling 
particle. The p in the denominator of Eq. 7, Chap. 5, which disappears 
in the derivation of Eq. 21, Chap. 5, is the one that comes from the 
resistance equation 5, Chap. 5. Equation 21, Chap. 5, implies that the 
resistance of the medium is wholly inertial. The fallacy of that assump¬ 
tion will appear in the following examination of the properties of 
suspensions. 


If a dry bed of short-range quartz sand is at rest in a vertical-walled 
container, say a 2-in. glass cylinder with a screen bottom of finer mesh 
than the sand, its composite density will be in the range 1.3 to 1.6. It 
is, of course, common knowledge that such a sand mass will support a 
particle the size of the sand grains, or one many times larger, of any 
known density. The reason is that the bed, although composed of 
individual uncemented particles, yet has a certain rigidity owing to 
frictional forces between the particles. If the load on the bed is in¬ 
creased beyond some particular value, flow of one part past another 
occurs and the load enters the bed, displacing its own volume. This 
property of resistance of an unconsolidated mixture to distortion or flow 
is called plasticity, and the load at which internal failure occurs is called 
the yield point. True fluids exhibit no yield point. 

Tf water is added to the same bed until the voids are just filled, the 
composite density increases to the range of l.G to 2.0, but it resists 
penetration as did the dry bed, except that it may have a different yield 
point. 


If now water is passed upwardly through the bed, the sequence of 
events is as shown in Fig. 1. The pressure at the bottom increases 
gradually with increase in the flow of water with no change in the 
overall volume or visible movement of the particles until finally some 
grains in the top layer of sand just begin to move. This surface move¬ 
ment is the immediate prelude to dilation of the bed. With further 
slight increase in the rate of water addition, the bed expands slightly, 
small but definite relative motion of grains becomes visible, and there 
is a perceptible drop in the pressure. Thereafter, with further increase 
in the flow rate, volume increases and there is a gradual rise in the 
pressure to a substantially constant value, somewhat lower than the 
predilation peak, which holds until sand overflow begins, whereupon 
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pressure falls proportionately to the weight of sand overflowed. During 
the immediate postdilation period of diminished pressure, dilation rate 
varies with different conditions of sand weight, size, and shape, in a way 



of which the inflection in the h-v t curve of Fig. 1 is representative, but 

which is strongly suggestive of the alternative dotted portion of the 
curve. 


The apparatus m which the data of Fig. i were obtained is shown in Fig. 2. Item A 
was a glass cylinder 5.3-cm. diam. Length l from screen B to the overflow level was 
31 .5 cm Constant-head tank C supplied water through valve D. The initial depth 
of bed *o, measured after settling from several preliminary dilations, is the standard 
compacted depth corresponding to the plateau in the h-v t curve at h = 6.6 cm. The 
significances of the other lettering will develop in later references to the figure. 

The follow ing experimental facts are to be borne in mind in the 
interpretation of Fig. 1: («) Water-velocity head throughout the range 
of velocities employed is negligible—not measurable with the manometer 
used (^-in.-diam. glass tubing). ( b ) With the exception of a short 
depth at the top of the quicksand, pressures at a given water velocity 
aie linearly proportional to the depth below the upper surface, both at 

low and high dilations, indicating constant pulp densities throughout 
at each dilation. 
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Considering first the pressure curve of Fig. 1, the linear rise of pressure 
with water velocity before dilation indicates that the resistance is 
wholly viscous (cf. Eqs. 4 and 9, Chap. 5). Estimated average in¬ 
terstitial velocity and average pore diameter give a Reynolds number 
of the order of 1.0, which serves as a check. 

The abrupt fall in pressure at the dilation point and the relatively 
erratic rise thereafter (smoothed in the plot) occur while there is yet a 
very small change in volume. 

But visual observation at this 
time gives a distinct impression 
of slight grain motion with no 
translation. If this impression 
is correct, the fall marks transi¬ 
tion from static to sliding friction, 
probably accompanied by a de- 
crease in tortuosity of the inter¬ 
stitial passages. The beginning 
of constant pressure at about 
v t = 1 cm. per sec. correlates 
with the end of a similarly con- Fig. 2. Sketch of quicksand system for 
fused dilation behavior and with data of Fig. l. 

a face-to-face spacing of particles 

equal to about d /3 as compared to actual contact at the beginning of 
dilation. The inference would seem to be that at about this point in¬ 
terparticle friction ceases to be the dominant factor in resistance to par¬ 
ticle response to interstitial flow. 

The constant pressure throughout the remainder of dilation is equal, 
within the limits of experimental error, to the submerged weight of the 
sand per unit of horizontal area of the bed, and this same relationship 
continues through the sand-overflow period. Taking this fact with the 
uniformity in pulp density gives 



ir„ 5 — p y 




where p a is the total pressure in centimeters of water, diminished by the 
hydrostatic pressure of the interstitial and any overlying fluid, at any 
point E, Fig. 2, at a depth y cm. below the surface of a quicksand of 
total depth h cm.; W „/A is the dry weight in grams of sand per unit 
horizontal area of the quicksand; and o and p are the densities of sand 
and fluid, respectively. (A suitable unit constant must be introduced 
for other systems of measure.) 

Experiment shows, as is to be expected from Eq. 4, that the value of 
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p a is independent of particle size for short-range sands. From this it 
should follow that the equation is applicable to long-range sands, and 
qualitative experience would seem to so indicate. This is not to say 
that a quicksand of long-range sands will not stratify according to size, 
but only that, in such a size-layered dilated mass containing a given 
weight of sand per unit of area, the pressure due to the sand at any depth 
will equal the submerged weight of sand in suspension per unit area 
above the pressure plane. With a given suspending current, pulp 
density of the layers in a long-range quicksand increases with depth, 
since the larger grains will settle closer together before the interstitial 
velocity builds up to a value sufficient to maintain them suspended. A 
similar pulp-density increase downward occurs in short-range sands of 

unequal densities, the more dense grains being at the bottom more 
closely packed. 

Parallel experiments with rounded Ottawa sands indicate little or no 
effect of grain shape on suspension pressures. Therefore, with the 
warning that the experimental exploration is far from exhaustive, it is 
postulated that Fq. 4 is generally applicable to solid-fluid systems in 
which the solid particles are maintained in such a state of suspension as 
to permit interparticle movement under the influence of the suspending 
forces. It is a corollary that the pressux - e in such a suspension is 
independent of particle size and size distribution, of interstitial velocity 
of the fluid, of particle shape, and of particle velocity, except in so far 
as these elements may enter to determine an equilibrium relation 
between W a /A and h. 

A relation between the density of a quicksand of short-range sand 
of a single mineral species and the pressure p a . v therein owing to the 
overlying sand at any depth y is obtained by combination of Eqs. 3 and 4 
in the form 


Pa.V , 

t =-r p (5) 

1 / 

The lower part of the h-v t curve in Fig. 1 has already been discussed. 
The shape of the upper part suggests a parabolic relationship between 
the increase in volume (dilation) and the velocity. In confirmation, 
a plot of dilation X against v t 2 is a straight line. The slope \/v 2 in¬ 
creases with the weight of sand in the bed, decreases with the weight 
of the individual grains, and is greater for irregular than for rounded 
grains. It almost certainly increases with the viscosity and density 
of the dilating fluid. Generally, therefore. 


^ = f{^,K,Vi,8,p,Tj,d) 


(6) 
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and some idea of the form of the function is available from the preceding 
sentence. 

Roberts, from experiments with a teeter column of spheres in the 
Stokes range, reports that the velocity v t necessary to maintain teeter 
is expressible by the equation 



7 d 2 8(8 - p)L 

V 




wherein the dilution L, defined as the ratio weight of water/weight of 
solid in a given volume of pulp, has the value 



Equation 7 does not balance dimensionally. It is essentially an 
empirical derivation similar to Eq. 30, to which Roberts refers, but with 
part of the fundamental factors buried in the numerical constant and 
another part in the factor r in the term L. Roberts confirms the 
reports of other investigators that the subsidence rate of the top of a 
quicksand after stoppage of the suspending current is equal to the v t 
required to maintain it in teeter. 

Since the dilation, with a fixed cross-section of column, represents a 
vertical rise in the center of gravity of the mass of sand, the gain in 
potential energy as between any two degrees of dilation should equal the 
difference in kinetic energy supplied to the column to maintain the 
respective positions, except for energy loss due to internal friction. 
That this generalization is applicable after a given degree of dilation 
has been attained is indicated by the linear relationship between X 
and v 2 noted earlier. In Fig. 2, considering any two degrees of dilation 
1 and 2 of the same sand charge, the general energy balance is 



(6 - „) 
^- • ■ ■■ — 

w Ahi 8 



+ ±h f 



Consider next position E in bed 2 and position F in the clear water 
above the top of the bed. The loss in energy between positions E and F 
is given by the equation 



+ Zh + 


_ (vr 
2 (j ) \w 


~h 2p + 




E~P 


( 10 ) 


where z is the elevation of the points above the supporting screen, and 
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hf, E ~F is the friction head between the two points. By use of Eq. 4 


Vb 

w 


= l - h 


Head of water 


Vb W a 8 — p 1 

• --- • - _ 

8 w 


Vb -I- — • 

ho A 


(ii) 


Interstitial velocity at E is 


Head of sand 



The qirestion of immediate interest is the friction loss through a given 

bed. 1 ake point E at the screen and F in clear water just above the top 
of sand. Then from Fig. 2, 


h 2 — h E = ue « hp and 



Substituting in Eq. 10 the ^-equivalents from these equations, the values 
fiom Eqs. 11 and 12, and l — k F for p F /w, then clearing, gives 


h /.E = 


__ WA8- p ) 


A F w8 


+ 




- l 


(13) 


llation in quicksand beds in a mill rarely exceeds twice the volume 
of the compacted bed. This dilation, by Table 1, p. 165, is attained with 
8 35-mesh quartz with a rising-water velocity, reckoned on tube 
cross-section, of about 3 cm. per sec. For this the magnitude of the 
velocity term in Eq. 13 is 0.004 cm. of water. Since the corresponding 
pressure heads total about 39 cm. of water, the velocity-head increase 
is negligible for this system, whence 


u IV *(8 — p) , , 

h/E " A fiv6 + hE 

Equation 9 may now be evaluated for two dilations of the same sand 
bed, e.g., 1 and 2, Fig. 2, by substituting h ft2 — h /tl from Eq. 14 for 
Ah/. Ihe -p/w terms of Eq. 9 become equal by Eq. 11, since y = h by 
the conditions underlying Eq. 13, and sand weight is constant. The 
resulting equation, after clearing, is 



ho — 




W„(8 — p) 
A F h ] 8 


-h w 


] 


(15) 


T-his equation states that the increase in kinetic energy per unit volume 
of rising water necessary to expand a given bed of sand from a degree 
of dilation corresponding to a depth of h x to a depth h 2 is approximately 
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equal to the increase of potential energy per unit volume of the quick¬ 
sand mass, or 

A KE W = A PE q (16) 

Fluid pressure in a quicksand, variously express as water head, is 

P* , Pl + W 9 (b — p)/AS r av .h 

- \- y = - = - 

w w w 

It follows from Eqs. 15 to 17 that the energy required to maintain a 
quicksand is a function of its composite density and its depth. The 
friction loss through it is essentially the sum of the inertial and frictional 
resistances of the sand grains to the flow of liquid past them. 



Experimental data on quicksand flow are relatively few. The 
principal controlling factors are, however, inferable from Fig. 3, present¬ 
ing relative internal friction (/„) vs. specific gravity (r) of various 
suspensions. Relative internal friction, as plotted, is the ratio of the 
time required for a given volume of suspension to flow through a given 
tube under a given pressure head (p/w) to that required for the same 
volume of water to flow through the same tube under the same pressure 
head. 


Each curve consists of two substantially straight lines joined by a 
smooth curve. The lower inflection point comes when the mean face- 
to-face distance between particles is from 0.5d to 0.8d, where d is the 
nominal mean diameter of particle. Corresponding volumetric frac¬ 
tions are 0.17 to 0.29. Visual observation indicates that particle colli¬ 
sion is relatively rare or short-lived with crowding less than this, where¬ 
fore the slow increase in f a up to this point is probably largely attribut¬ 
able to friction of water against solid, i.e., to keying by solids in the 
sliding planes in the liquid. Such resistance should vary with the 
number of particles, which, for a given short-range suspension, varies 
with pulp density. 

The upper inflection point comes, within experimental limits, when 
mean face-to-face spacing s, is about d/3, corresponding to a volumetric 
fraction averaging 0.11 for the five solids studied. At this point flow 
by gravity ceases. Rectangularly close-packed spheres of a single 
diameter have a volumetric solid fraction of 0.52 with a corresponding 
value of *•,- = 0. A quicksand with a volumetric fraction of 0.44 with a 
face-to-face particle spacing of 0.12'/ has a linear dilation of 12%. 
Visual observation in coarser quicksands than those forming the basis 
for Fig. 3 with a linear dilation of 12% shows that free motion of grains 
is substantially absent. This shows why flow through constricted 
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quarters, as in the eonsistometer used for the measurements of Fig. 3, 
results in a multitude of energy-consuming collisions and rubbing con- 



T 


A 




T 

c 

Fig. 3. Relative internal friction of suspen¬ 
sions vs. pulp density. 


tacts, with resulting loss of mo¬ 
mentum and final wedging and 
stoppage. 

Item A in Fig. 3 is essentially 
a reflection of the effect of par¬ 
ticle density on the r vs. f a re¬ 
lationship. The cause of the 
difference in the positions of 
the inflection points lies largely 
in the choice of the abscissa. 
If volumetric fraction is plot¬ 
ted as abscissa, all curves be¬ 
come substantially coincident 
in the lower portions, diverging 
somewhat in the upper portions 
according to particle shape. 

Shape effect is shown in 
item B. The postponement of 
the inflection points for the 
rounded as compared to the 
jagged particles and the more 
abrupt curvature in the inter¬ 
vening portions for the jagged 
particles are consistent with 
the earlier attribution of these 
characteristics to interparticle 
friction, since such friction com¬ 
monly increases with rough¬ 
ness of the contacting surfaces. 

Particle-size effect is shown 
in item C. The inflection 
points come at lower volumet¬ 
ric fractions the smaller the 
particles, and the internal fric¬ 
tion for a given volumetric 
fraction is higher the smaller 
the particle. That this is a 


phenomenon involving inter- 
particle action is shown by the identical behavior of the different sizes 
throughout the range where interparticle collision is rare. The reason 
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for the greater interparticle contact with fine particles at a given volu¬ 
metric fraction is that the mean interparticle distance with a fixed volu¬ 
metric fraction decreases linearly with particle diameter (Eq. 42), so that 
such collisions require smaller relative movement of the particles. 
Further, the smaller particles respond the more readily to fluid turbu¬ 
lence. Thus on both scores more collision is expectable in the finer pulp. 

The foregoing study, taken with Chap. 5, indicates that the resistance 
Rt of a teeter column to penetration by settling particles is a function 

Rt = ) (18) 

in which the symbology is that of Chap. 5, with the further variables: 
pulp density r, internal friction /„, and a composite factor /j relating 
particle size to interstitial spacing. Since the form of the similar func¬ 
tion for the relatively simple case of free-settling spheres, where all the 
quantities are known, has proven indeterminate, it is a waste of time to 
attempt determination of this one at present. But quicksands are of 
such great importance in gravity separation generally that an empirical 
curve similar to Fig. 1, Chap. 5, for several of them would be highly 
useful and might well form the basis for a more fundamental curve 

analogous to Fig- 2, Chap. 5. 


Modern hydraulic classifiers are all of the hindered-settling variety. 
A form in which spigot-discharge difficulties, inherent in all continuous 
discharge machines (as Fig. 21, Chap. 7) are largely obviated, is shown 
in Fig. 4. It consists of a vertical-sided tank A divided mto a series of 
pockets B by transverse partitions C, a punched-plate screen D forming 
a false bottom, valved water inlets II from header G to the under-screen 
parts of the pockets, a plurality of spigot-discharge assemblies, one of 
which is denoted by its numbered parts, and an overflow weir M. Feed 
is introduced at I' into pocket ./, where it is diluted, mixed, and sus¬ 
pended by water introduced through the screen and then flows over the 
first partition C. Here it divides into a finer fraction unable to settle 
in the compartment under essentially free-settling conditions and a 
coarser fraction which settles and merges with the teeter column therein. 
The teeter column increases in particle size and pulp density from top to 
bottom. Some of the new particles penetrate to the screen ; others take 
up restless residence in a higher zone in which they are in uneasy equi¬ 
librium with existing conditions of water velocity and column loading; 
some particles previously in the column are displaced upwardly by the 
addition; some, however, constitute an actual addition to the amount 
of material in suspension in the column and correspondingly increase the 
pressure at the screen. The first-spigot-discharge assembly then comes 
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into play. Water rises in pipe 1, which is deeply scalloped at the bottom, 
and when the weight of material in the teeter column has increased suf¬ 
ficiently, the water lilts rubber diaphragm 4 and thereby, through 
adjustable connections 5, 6, and 7, raises plug valve 8 which seats on 
pipe 10. Ihe latter is a completely walled passage from above screen D 
through the tank bottom, and the raising of 8 therefore affords a dis¬ 
charge outlet via the scallops in 1 for the lower stratum of the teeter 



Fia. 4. 



Hinderccl-scttling hydraulic classifier with intermittent 

spigot discharge (Fahremvald type). 


density-controlled 


column. Discharge lowers the suspended weight of the column and 
thereby the pressure exerted on the underside of 4, whereupon, after 
sufficient discharge, the weight of 5, 6, 7, 8 and adjustable counterweight 
11 seats 8 again. 1 he described sequence of events recurs in subsequent 
pockets, each of which in order with successively weaker currents, takes 
out a successively finer cut from the main horizontal pulp stream,’and a 
desanded slime finally overflows J\I. Items N are windows through 
which the teeter columns may be observed, thus aiding regulation. 


Separation of sands from slimes with a relatively sharp cut-off on 
upper size of the finer product and with a minimum of slime in the 
coarser product is an important operation in ore-milling operations and 
in the preparation of commercial sands. The machines commonly used 
in this service are the automatic sand tanks (Figs. 2 and 3, Chap. 7) and 
the mechanical classifier. The essential parts of the latter are a trough 
and a stirring-raking mechanism. The trough has an inclined bottom, 
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closed by a weir at the lower end and open at the upper, with bottom 
and side walls extended at the open end to a height well above the top 
of the lower-end wall. The raking-stirring mechanism varies and 
characterizes the type. Troughs range from about 18 in. to 16 ft. wide 
and from 12 to 40 ft. long. All form a pool in the deep end in which 
differential sedimentation occurs; feed is introduced toward the shallow 
end of the pool, slimes overflow the weir, and sand is pushed upslope by 
the mechanism. 

The rake type (Fig. 5, item A) has one or more lattice-like rake or 
scraper frames with dependent blades, suspended just above the bottom 
of the trough. These frames are driven in such a way as to follow a 




Fig. 5. Elements of mechanical classifiers. 

path, substantially rectangular in a vertical plane, in a direction upslope 
parallel to and close to the bottom, then perpendicularly away from the 
bottom, next downslope parallel to and removed several inches from the 
bottom, and finally perpendicularly toward the bottom to close the path. 
Speed ranges from 10 strokes per min. for 200-mesh separation to 30 for 
28-mesh. The spiral type (Fig. 5, item B) has a ribbon wound screw- 
fashion around a revocable shaft set on an incline substantially parallel 
to the curved bottom of the trough, revolution being in a direction to 
push settled material upslope. Two such mechanisms are set side by 
side in the troughs of larger machines. Alternatively the spiral ribbon 
may be wound on the inside of an inclined cylinder which also forms the 
tanh a-!g. 5, item D). Spiral speed is about 100 f.p.m. peripheral, 
i he drag type (I-ig. 5, item C) has scraper blades on an endless belt 
or chain placed so that the scrapers travel upslope at 20 to 00 f p m 
along the bottom and return through the air above the trough. In the 
revolving-rake type (Fig. 6) a shallow cylindrical tank, 0 to 30-ft diam 
with obtusely conical bottom, is fitted with a raking mechanism com- 
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prising curved or straight blades depending angularly from arms, close 
and substantially parallel to the bottom, attached to a vertical shaft and 
revolved at 20- to 100-f.p.m. peripheral speed so as to scrape settled 
material toward a central outlet. This is, in effect, the reverse of the 
machines of Fig. 5 in that overflow is from the shallow part of the pool, 
whereas sands are raked downslope and discharged under water from the 
deepest part. As a consequence, where clean sand is wanted, it is cus¬ 
tomary to add hydraulic water in the sand-discharge outlet. This may 
be done directly by radial inlet pipes on the sand downcomer, or the 
entire bowl may be so mounted on the deep end of an inclined-trough 





type machine as to maintain a continuous column of fluid from lower to 
upper tank through which settled material from above may settle and 
entrained slime be lifted out by the upflowing water (bowl-rake type). 

In all the mechanical classifiers sand is suspended by the agitation 
so as to form a quicksand sorted roughly as to size from coarse at the 
bottom to fine at the top, the density of which increases downward. 
Downward penetration of individual particles is increasingly hindered 
until they arrive at a level in which they reach a dynamic equilibrium 
with their neighbors. In normal operation, with a proper balance 
between the amount of sand fed, the sand-raking capacity, and the 
degree of agitation, the bed stays in reasonable balance, depositing the 
bottom into the raking zone as fast as new sand arrives at the top. If 
for any reason, the bed builds up to a point where overflow becomes 
coarser, density is decreased by the addition of water, whereupon sand 
drops out faster. The converse is also true. Increase in intensity of 
agitation raises the levels of higher density and so acts in the same 
direction as decrease of water. More intense agitation or thicker pulps 
must be used when the pulp contains little slime, i.e., the slime aids in 
maintaining suspension. 

A modification of the bowl-rake classifier, designed to produce sands 
with a reduced slime content, is shown in Fig. 7. It comprises a 
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standard rake compartment A , and a superimposed bowl consisting of a 
circular rim B-B, fixed to the rake tank, and an oscillating structure C 
(denoted by hatched lines), hung on ball-bearings D, and oscillated 160 
times per min. with a 2 or 3-in. mean amplitude. Diaphragm Sis a 
perforated plate, making a water-tight joint with the imperforate con¬ 
ical bottom and with the feed-water pipe F. Feed is introduced into a 



Fig. 7. Elements of Ilydroscillator. 


central well surrounding the torque tube <7. The sand forms a teeter 
column above the constriction plate E which is sufficiently fluid under 
the combined agitation and rising-water action to overflow the sub¬ 
merged rim II and lull into the rake compartment. Slimes overflow 
the fixed rim H. 


The mechanical classifier is characteristically a bifunctioned apparatus 
In the upper level of the pool the action is essentially commercial free- 
seuhn K . 1 Ins permits use of the area principle in determining the 
relation between pool area and particle size in the overflow, using 
however, pulp density t rather than p = , in the ordinates of the 
experimental sphere curves (Figs. 3, Chap. 5, and 3, Chap. 6). Corre¬ 
spondence between overflow performance and design estimates or, this 
basis ,s better the more dilute the pulp and the finer the overflow When 
vigorous agitation and thick pulps must he employed to obtain 


coarse 
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Overflow 


Rake product 


overflows, and the surface of the pool is eddying strongly or has a 
periodic wave movement, correspondence is not good because effective 
using velocities at the overflow lip are higher than Q/A (Eq. 1, Chap. 7). 

In the lower part of the pool hindered-settling prevails. On start-up 
this is a result of the fact that particles that just cannot overflow in the 

relatively still zone near the top cannot sink to 
the rakes in the more turbulent zone below and 
are trapped between. Once a teeter column is 
established, it adds its selective screening effect to 
the rejection of sink, whereupon its composition 
approaches more and more to a short-range bed of 
lighter particles, through which large light particles 
penetrate by reason of overmastering weight while 
small heavy particles slip through because they suf¬ 
fer less collision friction than larger light particles 
of equal submerged weight. At this stage the rake 
product (see Fig. 8) has a diametral ratio charac¬ 
teristic of the first spigot of a hindered-settling 
hydraulic classifier (R.Q. 31, Chap. 7), with a rela¬ 
tively short-range light-mineral component and a 
much longer-range heavy-mineral fraction. The 
corresponding overflow has a relatively short-range heavy-mineral frac¬ 
tion and a light-mineral fraction of considerably longer range. The 
equal-settling ratios are small for both. 
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Fig. 8. Diagrammatic 
sketch of products of 
a mechanical classi¬ 
fier. 


This condition is unstable, however, without a bleed-off from the 
teeter column. As a result the top of the teeter column rises. This has 
no effect on the overflow, according to the area principle, but it does 
decrease the effective agitation in the teeter column on account of the 
increase in distance of the upper part thereof from the stirring mechanism 
and its decreased mobility compared to that of a thin pulp. As a result 
the column becomes progressively more dense and finally tends to settle 
en masse into the raking zone. Then there is a surge of sand product 
which normally over-runs itself, and for a while operation may go back to 
substantial free-settling, accompanied by the appearance of undue slimes 
in the sand and correspondingly increased fineness of overflow. The 

phenomenon is known as surging. It is a weakness of the mechanical 
classifier as a type. 

The principal use of mechanical classifiers in ore-dressing mills is to 
close grinding circuits as a guard against discharge of insufficiently 
ground material. The product of interest is the overflow; the sands 
return to the grinding mill—what difference if they carry slime? Another 
large use is in washing slime out of sands for concrete and other uses. 
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The economic product is the sand; the slime is thrown away—what 
difference if it carries sand; sand is cheap. In such an atmosphere 
the question of efficiency is not hushed—it's just not worth talking 
about. If one must: Define the product sought, slime or sand, as 
undersize or oversize, respectively, of a particular screen. Define 
efficiency E as the percentage ratio by weight of classified material in 
the desired product to classifiable material in the feed. Let F and C 
be the weights of feed and wanted product, respectively, and / and c 
the respective decimal fractions of the desired size in them. The weight 
of undesired size in the product is C - Cc. This weight plus the weight 
of desired product that corresponded to it in the feed is material that 
went through without change, i.e., it is unclassified. The ratio of 
desired to undesired in the feed is //(1 -/). Let x = the weight of 

desired material in the product corresponding to the undesired therein. 
Then 


whence 


x = f 

C(1 -c) 1 -/ 

_ cm - c > 

X — ~~^ — 

1 -/ 


Then the weight of classified material in the product is 



C{c -/) 
1 -/ 


and, since the weight of classifiable material in the feed is fF, 



- _ c 

/(I -/) 


Then, by substitution from Eq. 5, Chap. 1, 


(c -/)(/ - t ) 

/d-/)(c-0 (19 > 


where l is the decimal fraction of desired material in 
product. 

Alternatively the recovery formula (Eq. 6, Chap. 1) 
Efficiencies by Eq. 19 range, in general, from 40 to 00%. 


the unwanted 
may be used. 


Manufacturers rate their particular types of classifier as to size in 
c ifferent ways but the essential ratings from the standpoint of the user 
are tank width, length and weir height, and bottom slope. From these 
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the pool area may be deduced, and the length of the sand floor above the 
pool where drainage of sand occurs; floor space and the extent of sand 
re-elevation (an important factor in grinding circuits) can be estimated 
for design purposes; and, by application of performance data, estimates 
of capacity may be made. 

Capacity-wise the classifier must have sufficient pool area to give the 
desired rising current for free-settling separation at the desired split 
size in a pulp of the density desired (or at a higher density, which can be 
corrected by subsequent dilution); it must have sufficient weir length 
so that approach acceleration does not extend so far out into the tank 
as to seriously curtail pool area; and it must have a sufficient width of 
sand floor so that the sand-scraping mechanism can remove the sand 
product. Tank-floor slope is a limiting factor in the capacity picture 
because of the tendency of sand to run back. For each type of sand- 
removing mechanism there is a maximum floor slope for a given size 
of a given sand, this being greater the coarser the sand. The drag type 
can use slopes up to G in. per ft.; the spiral up to 4 in.; and the rake 
rarely in excess of 3 in. The more sand run-back the shallower the sand 
stream for a given mechanism at a given speed and consequently the 
lower the sand-scraping capacity for a given width. The steeper the 
bottom—always a goal in a grinding circuit where maximum sand 
re-elevation is sought—the smaller the pool area for a given tank width. 
The following generalizations as to capacity are to be read with all 
these interrelations in mind and additionally the marked variations in 
settling rates with different ores. Overflows: about 1 ton of solid per 
hr. per ft. of weir length for quartzitic feeds at 200-mesh split size and 
greater in proportion to particle diameter for coarser split sizes up to 
G t.p.h. per ft. at 28-mesh. The corresponding overflow-density range 
is about 10 to 30% solids. Sand-scraping: about 6 tons of solid per hr. 
per ft. of tank width for 200-mesh, from 2 to 3 times as much at 28-mesh, 
and proportionately for intermediate split sizes. Sand capacities are 
substantially proportionate to the specific gravity of the solid; overflow 
capacity increases somewhat with increase in solid density but by no 
means proportionately. Bowl overflow capacities range from about 
0.5 ton solid per sq. ft. per 24 hr. for 325-mesh split size to about 10 
times this figure for 35-mesh split size. 

A thickener is a continuous settling pond. In the typical form it 
comprises a circular tank ranging from G- or 8- to 325-ft. diam. and from 
2- or 3- to 20-ft. depth; a central feed well and peripheral overflow rim; 
and a bottom-raking mechanism consisting of two or four arms carrying 
scraper blades, attached to a central post, and driven slowly (10- to 
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30-f.p.m. peripheral speed) so as to move bottom settlings to a central 
discharge outlet. Bottom discharge, which may be of the consistency 
of molasses, and of 60 to 80% solids by weight according to the mineral, 
can be made by gravity through a suitable spigot, but pumping out 
affords better control. 

There are three action zones in a thickener. The top, clarifying zone, 
generally 1 or 2 ft. deep, is completely analogous to a settling pond. 
The central zone, normally called the consolidation zone, has a depth 
ranging from 1 or 2 to 10 or 15 ft. according to the character of the feed, 
the specifications for density of underflow, and the ton¬ 
nage of underflow. The bottom or rake zone serves both 
for transport and, by the pressure of the rake blades and 
sometimes accessory upward-projecting pickets, for 
squeezing water out of settled material; considering the 
transport function only, its depth is about 1 ft. 

The feed to a thickener contains particles with a lower 
size limit actually unknown, but probably a small fract ion 
of a micron in diameter. The settling rate of these fine 



Fio. 9. Dia- 
grammatic sec¬ 
tion through a 
floe. 


particles is so low that, in a dispersed state, they could 
not be settled in a tank of any practical diameter. For this reason it is 
customary to flocculate them, i.e., to cause them to cluster into loose 
liquid-filled groups called floes. 


The structure of a floe is indicated by the diagrammatic section shown 
in Fig. 9. The liquid (unhatched) forms continuous passages through 
the aggregate and is continuous with the surrounding liquid. But when 
the aggregate moves through the surrounding liquid, there is not 
corresponding relative movement of interstitial liquid with respect to 
the particles; in fact the relative movement of interstitial liquid is so 
small that it may be neglected and the aggregate treated as a single 
particle. 


There arc no direct measurements of the relative volumes of water 
immobilized in floes. Roberts, observing the similarity in settling 
behavior of well flocculated pulps and fine short-range sands, postulated 
that the free water in a mass of settled floes would be the same volu¬ 
metric fraction as in similarly settled sands, e.g., about 0.55. Then 
in a particular test in which 1,000 cc. of a settled pulp with a dilution of 
3.15:1 weighed 1,179 gm., he calculated floe density as follows: Weight 
of sohds = 1,179 -T- 4.15 = 281 gm., whence the weight of water was 
89.> gm. by d.fTerence. Taking 55% of the settled volume as free water 
left 345 gm. of floe water. Floe weight was, therefore, 345 + 284 = 029 
gm.; and with floe volume = 1,000 - 550 = 450 cc., floe density 
1.40 gm. per cc.; and floe dilution 345 -f- 284 = 1.22:1. 


was 
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With these data the number of particles (of equal size) that must 
flocculate in order that the settling velocity of the floe may exceed that 
of a single particle may be calculated. The 1,000 cc. of pulp contained 
1,000 — 895 = 105 cc. of solid which weighed 284 gm., and the density 
of which was, therefore, 2.70 gm. per cc. From Eq. 16, Chap. 5, the 
value of v for spherical particles and floes in such a pulp is Kd 2 (S — 1), 
and for equal-settling single particles of 8 = 2.70 and floes of 5 = 1.40: 

di 2 (2.7 - 1) = rf 2 2 (1.4 - 1) 

where the subscript 1 denotes a single particle and 2 a floe. Then 
d 2 2 /^i 2 = 4.25 and d 2 /di = 2.06. The volume of the equal-settling 
floe is, therefore, 8.7c?i 3 , and its weight is 12.2di 3 . Since the dilution is 
1.22:1, the weight of solid in the floe is 12.2c?! 3 -4- 2.22 = 5.5c?! 3 , and 
the weight of water is 6.7c?i 3 , which is also the volume of water. The 
volume of solid in the floe is, therefore, 2di 3 . The volume of a single 
particle is 0.52dj 3 , whence the number of particles in an equal-settling 
floe is 2di 3 -v- 0.52c?i 3 = 4. Hence any floe containing more than four 
particles will settle more rapidly than an individual particle. 

Confessedly the preceding calculation is broad approximation, based 
as it is on the concept of spherical particles and floes, and, for the slimes, 
on the assumption of individual particles all of the same diameter, 
whereas the particle-diameter range in a < 200-mesh slime is probably 
as great proportionately as that in the > 200-mesh material in run-of- 
mine rock. But microscopic examination of floes in a given pulp 
indicates no marked difference in particle-size distribution in individual 
floes, whence, if d x above is taken to be the diameter of the sphere 
having a volume equal to the average volume of the particles in the floe, 
the calculation has reasonable justification. 

The mechanism of flocculation is not clearly understood. It has been 
attributed to a greater adhesion of solid to solid than of solid to liquid. 
But for minerals, at least, a nonfiocculated suspension correlates, in 
ever 3 ' one of a considerable number of cases that have been investigated, 
with conditions which would produce at the particle surface a relatively 
insoluble salt, and flocculation of these dispersions has occurred when 
the conditions have been changed to others which should produce 
either a relatively soluble or highly insoluble surface. Since solution 
of a solid in a liquid denotes that molecules of the solvent have a greater 
attraction for the constituents of the solute than these have for each 
other and can thus tear them apart, the differential adhesion postulate 
accords in the case where the dispersed surface is rendered insoluble in 
the liquid but not when it is rendered soluble. 
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Galena suspensions in aqueous solutions are a case in point. Galena 
in water is flocculated. It has been demonstrated (Chap. 14) that the 
galena surface in this environment is coated with lead sulphoxy com¬ 
pounds of which lead sulphate is the principal one. The reported 
solubility of lead sulphate is 42.5 mg. per li. Addition of sodium 
carbonate to the suspension causes the galena to deflocculate and dis¬ 
perse. Concomitantly carbonate ion disappears from solution, and 
sulphate ion in solution increases stoichiometrically. This indicates an 
exchange of ions at the galena surface, resulting in a surface coating of 
lead carbonate. The solubility of lead carbonate is reported as 1.1 
m 6- P er li* Addition now of sulphide ion to the dispersion results in 
flocculation, with accompanying return of carbonate ion to the solution 
and removal of sulphide ion. The solubility of lead sulphide is about 
4.4-10 9 mg. per li. Presence of the carbonate ion at the galena surface 
may be proven independently. Galena dispersed by carbonate ion is 
also flocculated by sulphuric acid, which decomposes the carbonate ion. 

Dispersion is accompanied by the erratic motion of the dispersed 
particles called Brownian movement. This movement correlates with 
and is attributed to the presence of an ionized surface on the particles, 
one of the ion species of the surface compound being anchored to the 
particle and imparting its charge to it, whereas the other ion species forms 
a diffuse swarm around the particle. When two such like-charged parti¬ 
cles approach each other, the charges repel electrostatically and contact 
is not effected. Lack of observable particle contact in a dispersion in 
Brownian movement is striking. 


But whereas the electrical charging explains lack of flocculation, its 
disappearance does not indicate the kind of force that holds flocculated 
particles together. Gravitational attraction has been postulated on the 
grounds that it is sufficient to bring floating needles together from a 
considerable distance, but it is questionable whether this is the entire 
explanation of the needle phenomenon. Dust particles are frequently 
flocculated in gas when neither electrical or moisture effects which would 
explain the phenomenon are known to be present, and dust adheres 
tenaciously to larger solid objects under similar circumstances, but 
again gravity is not certainly the cause of the cling. 

Surface tension is also postulated to explain flocculation in water on 
the score that when two solid particles have been brought into contact, 
i e., when the intervening water has been squeezed out, to then separate 
them produces new solid-water interface, which has energy that did not 
previously exist in this form; that work must be done at the solid-solid 
junction to seat this new energy there; and that a resistant force 
therefore exists there. In a way, this is the differential adhesion theory 
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in another form, and is subject to the criticism already expressed. It 
is true that there is a form of particle aggregation in water with air 
bubbles or oil droplets as the cementing means that is clearly a surface- 
tension phenomenon (see Chap. 16). But this requires the presence 
of a second fluid phase and is a different phenomenon from the one 
under discussion. 

Levine has presented experimental evidence that the ionic strength 
of an aqueous solution affects the surface energy of solid particles 
suspended in it. Musa has shown that when quartz particles are 
dispersed in solution of caesium chloride, the ionic strength of which is 
less than that of a solution which flocculates effectively, addition of 
laurylamine, which forms a hydrocarbon-like surface on the quartz 
(see Chap. 14), produces immediate flocculation. 

Fortunately, whatever the cause of fine-particle clustering in a 
suspension in a homogeneous fluid phase, such flocculation is an alterna¬ 
tive condition to dispersion, and may be brought about by any method 
which destroys or nullifies dispersion conditions. 

Common inorganic flocculating agents for ore pulps are sulphuric acid, 
alum, lime, ferric and ferrous salts, and magnesium sulphate, all of 
which appeal primarily on a price basis. In most cases the principal 
dispersed minerals are quartz and silicates. Most silicates in water 
come within the critical solubility range for dispersion, and when quartz 
is put in water it reacts with it thus: 

Si0 2 + HOH HSi0 3 “ -b H+ 

The effect of a strong acid (H 2 Si0 3 is weak) is to drive back the ioniza¬ 
tion and thus render the surface too insoluble for dispersion. Alum 
tends to form complex aluminum silicates, as do also the metal ions of 
the other salts. Although the chemistry of these reactions in dilute 
aqueous solutions has not been worked out, it is more than coincidence 
that the most effective flocculants for silicate dispersions include the 
metallic ions (A1+++, Mg++, Fe"* - ^, and Fe ++ ) most common in natural 
silicates and therefore of most likely potency in mass-action effect on an 
ionized silicate surface. 

With basc-metal ores hydroxyl ion, cheaply obtained from lime, 
produces gelatinous precipitates with iron, zinc, copper, and lead ions, 
and these tend to entangle fine slimes and sweep them down or flocculate 
them mechanically. But in small quantities hydroxyl ion, which reacts 
with quartz as above, may serve as a dispersant. 

The free-settling zone in a thickener acts according to the area 
principle, but the settling velocity of floes is not determinate other than 
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by direct experiment, because their diameter and specific gravity cannot 
be estimated other than from their settling velocities. (Methods of 
determination are discussed on p. 160.) 

Action in the consolidation zone is not free-settling in any sense. 
Neither is it like the action in the teeter column of a hindered-settling 
classifier. Visual observation shows relatively uniform crowded 
settling of individual floes in the upper part, with little indication of 
collision; below this a stratum in which independent movement of 
individual floes seems to have ceased, but contact, if actually existent 
is of the point variety; in the bottom stratum deformation of floes by 
packing, and formation of vertical fissures through which rising currents 
lift minute particles are observable. 

Consolidation in a thickener is very like the settling of a dilute sand- 
cement mixture before the start of crystallization that effects setting. 
This phenomenon has been extensively investigated both practically 
and theoretically. The following text is a highly condensed summary 
of a theoretical attack by Steinour and of pertinent experiments per¬ 
formed to test the equations derived. 

The basic postulates for the analytic attack are: (1) that the settling 
velocities are in the Stokes range; (2) that the phenomenon may be 
idealized and the analysis simplified by considering the system as one of 
spheres of the same material, of equal size, and uniformly distributed* 
(3) tliat the reduction in velocity owing to crowding (but excluding 
collision under postulate), may be taken care of by multiplying the 
expression for resistance in true free-settling (Eq. 9, Chap. 5) by a term 

which is a function of the degree of crowding, i.c., of the concentration 
and therefore of the interstitial fraction e. In symbols 

Ii = <lTrdv C ' a T) • F(e) (20) 

where V is the falling velocity of the sphere in the suspension relative 
to the liquid. Ihe submerged weight of a sphere in the suspension is 


From Eq. 2, 


... ird? 
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in which /-’'(e) is the reciprocal of 
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To translate this velocity into terms experimentally measurable 
directly, i.e., the subsidence rate vr of the suspension relative to the wall 
of the container, it is necessary to subtract the rising velocity, relative 
to the container, of the water displaced by the falling solid. The 
relationship between the two velocities is 

vr = ev C ' 8 = Ws t . I »« 2 *F / («) (24) 


obtained by equating the volume of solid settling per unit time per unit 
transverse area [which is equal to the volume of solid per unit volume of 
suspension (1 — «) times the settling velocity v R relative to the wall in 
corresponding linear units] and the volume of water displaced upward 
over the same unit of area per unit of time (which is v c e — vr €). 

Subsidence tests with nonflocculated suspensions of spheres of different 
sizes and densities in different liquids at various volumetric solid con¬ 
centrations gave 

F\e) = 10 —182(1—<) (25) 

whence 




jq— 1 . 82 ( 1 -*) 


(26) 


For values of e limited to the range from 0.3 to 0.7, Eq. 24 could be 
written 

€ 3 

= 0.123i>s. s .m - (27) 

1 — € 


When the suspended particles are short-range fragments, e.g., mineral 
particles, and nonflocculated, experiment indicates that an equation 
of the general form of Eq. 26 holds, but that it must be modified in a way 
that is equivalent to the assumption that a part of the liquid is im¬ 
mobilized by the solid particles. The modified equation has the form 

VR = l ’s ,i,m f j 

where (1 — 0/(1 — i) is the volume of solid plus the volume of immobili¬ 
zed liquid per unit of suspension volume. The experiments indicate 
that for the powders tested the value of i is about 0.2, which would 
mean that the volume of immobilized water is about 25% of the volume 
of the solid.* 



* This is not adsorbed liquid; the volume is much too great and is relatively 
independent of particle size within the range tested. It is not improbably eddying 
liquid caused by flow past the surface discontinuities. Such eddies tend to travel 
with a particle through the suspending fluid. 
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In the general form of Eq. 27 this becomes 


v R = 0.176r s .«.m 



- 0.1G8) 3 

1 - e 


(29) 


Flocculated suspensions of the same short-range powders subsided 
at materially reduced rates, which, however, were still reasonably 
represented by Eq. 28 with suitably larger values of i averaging about 
0.3. In other words, flocculation of short-range powder had the same 
effect as if the quantity of immobilized liquid per particle had been 
increased. This, certainly, is in accord with common reaction to the 
structure of a floe, but it accounts for only about one-third as much 
floe liquid as Roberts calculates (see p. 153). 

Pressure measurements showed substantially complete absence of a 
structure capable of direct transmission of the weight of overlying solid 
to the solid beneath during the time that subsidence is at a constant 
rate. This agrees with the data of Fig. 1. 

Flocculated concentrated suspensions of long-range powders—equiva¬ 
lent to the pulp in the consolidation zone of a thickener—reasonably 
obeyed the equation 


0-123r,... w (< - z) 3 

(1 - i) 2 (l - «) 


(30) 


during initial consolidation, with i ranging in value from 0.17 to 0.32 
according to the species of powder. 

An empirical method for practical design of thickeners from settling 
tests on ores was devised by Coe and Clevenger in 1910 and has not been 
materially improved since. It involves experimental determination of 
the volume of dewatered or settled pulp vs. time over the period from 
the time when the initial pulp is brought to rest in a container until 
subsidence ceases (or practically so). 

The experimental data plot in a curve of the general form shown in 
Fig. 10, in which the ordinates arc the heights above container bottom 
of the surface of solids settling in a transparent container (e.g., a 1-li. 
graduate) and the abscissae are corresponding times. The curves 
consist of straight end portions joined by a smooth curved portion. 
The upper straight-line portion of the curve reflects the relation s = vt 
and denotes that v is constant; the magnitude of the slope indicates, 
of course, the magnitude of v. The horizontal straight-line portion 
denotes that v is zero, i.e., that settling has ceased. The gradual 
decrease in slope of the intermediate portion is the reflection of decreas¬ 
ing spacing of the particles with consequent increasing mutual 
interference. 
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The settling- and consolidation-rate tests for design of a thickener for 
a given ore comprise a series of settling tests at different pulp densities 
ranging from the projected feed-pulp density to that of the thickest pulp 
that exhibits free-settling, and a series of consolidation tests for different 
times. The settling tests relate free-settling velocities and pulp densities. 
The consolidation tests relate retention times and corresponding under- 



Time -► 

Fig, 10. Pulp-settling curves. 


flow densities. With these data, making the assumption that the rising- 
water velocity through any level of the free-settling zone is equal to the 
settling velocity of the top-of-solids in the settling test on a pulp of the 
density prevailing at that level, it is possible to calculate the required 
area of tank and depth of consolidation zone for any specified feed rate 
and feed and underflow densities. 

The area required is the maximum value from the equation 



(31) 


where Q w is the volume of water rising per unit of time, and v c is the 
corresponding subsidence rate of top-of-solids in the settling tests. 



where L is dilution, i.e., 


weight of water per unit weight of solid in a 
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pulp, with the subscript F denoting feed and U denoting underflow; 
Wp/t is the weight of solid feed per unit of time; and p is the weight 
density of the fluid. Combining Eqs. 31 and 32 gives 



Convenient units are pounds, hours, and feet, and it is usual to carry 
calculation through on the basis of the 24-hr. ton, i.e., Wp/t = J^ 4 
The value of A given by Eq. 33 with this change is the area in square feet 
required for each ton of solid fed per 24 hr. 

The consolidation tests show the length of time t c that pulp must be 
held in the consolidation zone in order to produce underflow of a desired 
dilution Lu. To do this there must be provided tank volume below 
the bottom of the free-settling zone equal to the volume of the solid 
fed during the time t c , plus the average volume of water which ac¬ 
companies this solid in the consolidation zone. The volume of solid 
that must be accommodated is t c V F> where V P is the volume of solid fed 
per hour. The average volume of water that accompanies it in the 
compression zone is t c L e Wp/tp, where L c is taken as the average of the 
dilutions of the densest free-settling pulp and of the underflow. The 
total volume of the consolidation zone is 





IcLcWp 

tp 


where 3 is weight density of the solid. But 


p(5 ~ t ) 
8(f - p) 


(34) 


(35) 


where t is the average weight density of the pulp in the consolidation 
zone. Substituting this value in Eq. 34 gives 

Tr tcWpil - p) 

Vc = T ( 7- p) (36 > 


The depth h c of the consolidation zone is the quotient V r /A or 

h = ptrV r (8 — p) 

5(t — p)(Ly — L v ) 


(37) 


Roberts has given an alternative method for design calculation for 
Coe and Clevenger test data. 


The wet centrifugal classifier (Fig. 11) is essentially a spiral-type 
mechanical classifier (Fig. 5, item B) in which the tank is bent com- 
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pletely around the spiral shaft and is rotated independently of it at 
high speed so that centrifugal force mv 2 /r' substitutes for mg as the 
driving force in sedimentation. In the sketch the rotating tank A-A 
attached to the trunnions B-B is supported with axis horizontal in the 
fixed bearings C-C. The spiral is wound around the conical support D, 
which is coaxial with A-A and is carried on the supports E-E. These 
run on the inner faces of trunnions B-B, in the same direction but at a 
somewhat lower speed. The direction of the spiral winding is such that, 
at the lower speed, their scrape relative to the tank is toward the small 
diameter. Feed is introduced, slime overflows, and sand is scraped out, 



Feed 


Fig. 11 . Elements of wet centrifugal classifier. 


all as indicated diagrammatically. Except for the difference in settling 
force the operation is the same as in the stationary prototype, but 
because of the greater settling force, a much finer split can be made 
with a relatively small pool area. 

Sizes are rated by the minimum and maximum diameters of the 
conical tank in inches and range from 18 by 28 to 54 by 70. Power 
installed ranges from 10 to 100 hp. correspondingly. Capacity is a 
matter of test in all cases; it depends upon the size split required, the 
particle density, the state of dispersion of the pulp, the volumetric solid 
fraction, and the particle-size range and distribution. It is of the 
general order of 10 to 75 tons of solid per hour. 

The wet cyclone (Chap. 7) is operable as a centrifugal classifier, 
but with a much weaker force field than is obtained in the apparatus 
of Fig. 11. 

Hindered-settling classifiers of several forms are used as concentrators 
for fine coal. The Hydrotator (Fig. 12) illustrates. Its elements com¬ 
prise a cylindrical tank A, ranging from 4- to 9-ft. diam., and a rotating 
agitating-levitating mechanism B, which comprises a four-armed 
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Fig. 12. Hydrotator. 
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tubular cross C with dependent downward outlets, all suspended from a 
ball-bearing support D and sleeve-fitted at the center bottom to a water 
source E. In operation, feed is introduced at F and water through E. 
The dependent nozzles from C are all turned at an angle to the common 
axial plane in such a direction that the reaction of the surrounding fluid 
to their jets causes C to revolve, as in a common form of lawn sprinkler. 
The resulting combined agitation of revolution and of the jets forms a 
teeter column through which the heavier refuse sinks to the boot of a 
scraper elevator K, while the lighter coal particles overflow the tank 
periphery. The rate of refuse discharge is regulated by a butterfly 
valve at G, actuated by cable from a float H in tank / wherein the 
water head through K and I counterbalances the pulp head in A. 
Overflow is dewatered on screen J and the water recirculated through 
pump L. Make-up water, introduced into /, serves as hydraulic water 
at G to clean up refuse. 

Review questions 

1. Define: hindered-settling; teeter column; quicksand; plasticity; yield point; 
mean interparticle spacing in a quicksand; dilution; dilation; pulp density; volu¬ 
metric fraction; surging; per cent solids; classifier efficiency; flocculation; floe. 

2. Calculate the volumes of water per unit volume of solid in a quartzitic pulp 
containing 20% solids by weight. What is the percentage solid by weight in a 
galena pulp with a water fraction («) of 0.6? What is the density (r) of this pulp? 

3. What is the essential difference between a free-settling classifier and a hindered- 
settling classifier? With a given rising-water velocity reckoned on sorting-column 
area, which will permit the larger particle of a given density to settle? Which 
produces the larger equal-settling ratio for a given pair of minerals? 

4. A given hindered-settling column treating a quartz-galena feed produces a 
spigot product in which the average diameter of the quartz particles is 0.83-mm. and 
of the galena particles is 0.12-mm. Calculate the fluid density necessary to produce 
this ratio according to Eq. 21, Chap. 5. Assuming that instead of a true fluid a 
teeter column of quartz and water had been used, what would have been the volu¬ 
metric fraction of solid to give a mixture of the same density? Assume that the 
solid in the teeter column contained 50% galena and 50% quartz by volume, what 
would be its volumetric solid fraction? 

t5. Answer the following questions, 5a-5g, inclusive, with respect to Table 1. 

5a. What dry weights of sand, in grams, are suspended when the water velocities 
are: 0.200, 1.23, 2.44, 5.61 cm. per sec.? 

5b. Calculate the ratios of the pressure head to the submerged weight of the sus¬ 
pended sand for the velocities 0.096, 0.262, 0.801, 1.91, 2.44, 4.03, 5.12, 6.61, 8.43 cm. 
per sec. 

5c. Determine the change point in the dilation-velocity curve. Correlate it with 
the curves of pulp density vs. velocity and with the magnitude of interparticle 
spacing. 

5d. Correlate the upward force of water at the screen with the downward force of 
the sand bed at the time-point at which dilation starts. 

5e. Calculate the time required for the sand bed to dilate from 10.9-cm. height to 
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SlnU 4 ?? the assumption that the rate of gain in potential energy of the 
sand is equal to the difference in rate of supply of kinetic energy to the bed 

assumed TnTthe ^ Wefe sphericul and that at initial dilation they 

Ssn n u^ —- 

by volume in lhe sand bed - 


Table 1. Data from a pressure-velocity-dilation test on a quicksand 

(data for R.Q.’s 6a-5g) 

Apparatus: A glass cylinder with a screen diaphragm as in Fig. 2. Cylinder 

tfinU) 5 ‘T* k eSSUre meaS “; ed with oP^-topped manometer; pressure 
point 0.5 cm above screen. Charge: 300 gm. of 28 ~ 35-mesh quartz, sp. 

tr. - 2.56. Interval during which each line of data below prevailed • 2 min 


Velocity, 
cm. per sec., 
Based on 
Tube Section 

0 

0.045 
0.090 
0. 149 
0.200 
0.262 
0.348 
0.543 
0.801 
1.23 
1.58 
1.91 
2.20 
2.44 
3.09 
3.30 
3.70 
4.03 

4.60 
5.12 

5.61 
6.01 
8.43 


Rise of Water 
in Manometer, 
cm. 

0 

1.75 

3.85 
5.90 
8.35 
8.30 
7.55 
8.05 
8.30 
8.35 

8.35 
8.40 

8.40 
8.45 

8.45 
7.95 
6.75 

5.85 

4.45 

3.35 

2.40 
1.10 
0.25 


0.2 

3.6 

22.6 

37.6 
30.5 
34.9 

33.7 

31.2 

41.8 

18.2 

41.1 Residue 

- H'-- * £2r- <•— <ie Plh b*. 

7. Interpret the pressure-velocity curve of Fig. 1 

9 PvT° P 12 ° n the basis the continuity law 

9- What is the interstitial velocity just before dilation in Fig. 1 ? 


Height of Top of 
Sand above Screen , 
cm. 

10 

10 

9.8 

9.8 

9.8 

10.4 

10.9 

12.5 

13.9 

15.8 

17.8 

19.8 
22.4 
24.2 
31.0 
31.0 
31.0 
31.0 
31.0 
31.0 
31.0 
31.0 
31.0 


Overflow, gm. 
of sand per 
120 sec. 

0 
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10. Show that in a pulp of density r the decimal fraction of solids by weight 
Qw is given by the equation 

5(t- — p ) 

= —-r (38) 


(6 — p) 


that the decimal fraction by volume £2v is 


Ov = 


r — p 


S — p 

that the decimal fraction of liquid by volume « is 


(39) 


< = 


5 — r 

6 — p 


(40) 


and that the decimal fraction of liquid by weight £ is 

p(8 — t) 


£ = 


r(5 — p) 


(41) 


til. Assume that the solid particles in a quicksand arc equal cubes and that their 
statistically average spacing and orientation in each of three rectangular coordinate 

planes are as shown in Fig. 13. Demonstrate 


■*i 


H c/h 


that 


□ □ □ □ 
□ □ □ □ 
□ 




(42) 


□ □ 
Fig. 13. 


li 


12. Estimate the Reynolds number in the sand 
bod of Fig. 1 just before dilation on the assumption 
that the mean diameter of the interstitial passages 
is li . Take rj = 0.01 poise. At what dilation 
does the resistance of the bed cease to be wholly 
viscous? 

13. What is the total superatmospheric pressure 
in feet of water at a depth of 2 ft. in a short-range quicksand having a specific gravity 
of 1.8? What is the pressure in pounds per square inch? 

114. Explain how comparison of the initial portion of the p a -v t curve of Fig. 1 with 
Eqs. 4 and 9, Chap. 5, denotes that the resistance reflected by p a is wholly viscous. 

115. Rearrange Eq. 6 in such a way as to indicate the probable form of the function, 
using the data available in the text. 

16. Develop Eq. 8. 

17. Develop Eq. 13. 

fl8. Replot the quartz and galena curves of Fig. 3, item A, using volumetric frac¬ 
tion as the abscissa. 

19. Name the factors that determine the dilation of a quicksand. 

20. Name the factors that determine the resistance of a teeter column to pene¬ 
tration. 

21. Give a functional description of the Fahrenwald classifier. 

22. Sketch assemblies of the essential parts of the various forms of mechanical 
classifiers. 

23. What determines the particle size in the overflow of a mechanical classifier? 
In the sand product? 

24. Develop Eq. 19. 
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25. What capacity requirements must be satisfied by a mechanical classifier? 
f26. Discuss the relation of the floor slope of a mechanical classifier (a) to its sand- 
raking capacity; (b) to the character of products; (c) to its width and the diameter 
of the grinding mill that it guards. 

27. What effect has the allowable split size on the density of overflow of a mechani- 
cal classifier? 

f28. What particle spacings characterize the inflection points in the flow resistance 

of fine quicksands? What changes in internal behavior of the particles do these 
inflection points reflect? 

20. What are the essential functional parts of a thickener? 

30. What is the percentage of solids by volume in a thickener underflow containing 
80% galena by weight; 50% quartz by weight? 

31. Show that per cent solids by volume is equal to 


10012 , 


lOOplijK 

5 — Q\y(6 — p) 


(43) 


32. The rotating rakes of a thickener normally cause the entire body of material 
therein to rotate slowly. What is the effect of such rotation on the minimum size of 
particle settled? 

33. Calculate the approximate settling rate of a 10- M fragment of quartz in still 
water at a temperature of (a) 70 deg. F.; (6) 40 deg. F.; (c) 20 deg. F. 

f34. A flocculated pulp of finely ground limestone (5 = 2.95) has a density of 1.2 

gm. per cc. Assume that the volumetric fraction of the floes in the pulp is the same 

as that of the settled sand in Fig. 1. Calculate the density of the floes, and on the 

assumption of spherical particles all of the same diameter, calculate the minimum 

number of solid particles per floe that is equal-settling with the individual particles 
that it contains. 

35. Discuss proposed theories for flocculation and the known pertinent facts cited 

and point out the accord or lack thereof between the theories and the facts 

t30. Compare the mean volumes of liquid between adjacent spheres expanded 

cubically from close cubical packing when calculated by Eq. 42 for the floes of 

R.Q. 34 and by the Steinour assumption that i = 0.3 times the volume of the 
spherical particles. 

37. Name the common inorganic flocculants used in ore pulps 

Fr ° ,n o!'i‘ U, T 1 8ettling . CUrVC given in Fi « ,0 ’ “ thickener to handle 

oOO tons per 24 hr solid in a pulp containing 10%solids when operating for maximum 

recovery of visually clear water. Assume that the maximum abscissa is 8 hr 

3.». \\ hat are the forces acting in the separating zones of a thickener’ 

40. Discuss the significances of the different parts of an h-t curve for a pulp. 

t41. Discuss the idea that flocculation may either increase or decrease settling rate. 
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Chapter 9 
SINK-FLOAT 

In contradistinction to gravity separation, which implies any separa¬ 
tion in which the primary differentiating force in the separating zone is 
gravity, gravity concentration applies only to those processes of gravity 
separation in which mineral species are separated by reason of differences 
in their specific gravities. Thus the separation of coarse quartz sand 
from fine quartz sand in a hydraulic classifier is gravity separation but 
not gravity concentration, whereas the separation of galena sand from 
quartz sand in the same apparatus is both. 

Methods of gravity concentration are superficially diverse and 
relatively numerous. Fundamentally, however, there are only two 
varieties: (1) those depending wholly on differences in buoyancy be¬ 
tween particles of different specific gravities, and (2) those utilizing 
primarily differences in particle inertia flowing from specific-gravity 
difference. The first is essentially a one-force process—gravity— 
typified by the action of water at rest in a pail on a mixture of sand and 
sawdust. The second is a multiforce process, involving always gravity; 
usually, but not necessarily, the drag of a fluid; and often one or more 
other forces. 

The possibilities of separation by gravity concentration depend upon 
the spread in specific gravity between the mineral species and upon 
particle size. The concentration criterion (ratio of the higher to the 
lower specific gravity, each diminished by one) furnishes a rough meas¬ 
ure of the promise for a particular ore. If this ratio is negative or a 
positive number greater than 2.5, separation in water is easy at all sizes 
down to the finest sands; at 1.75, commercial separation is possible 
down to (55 or 100-mesh; at 1.5 the lower limit for commercial work is 
about 10-mesh and good separation is difficult; at 1.25 gravel sizes may 
be separated but not sand sizes; below 1.25 it is necessary to use a fluid 
or semifluid medium heavier than water or to effect a selective modifica¬ 
tion of the effective density of one of the minerals, as by attaching gas 
bubbles to it (flotation), or by increasing the ratio of volume to weight 
as by a roast that renders the roasted particle porous, or otherwise. 

The solid minerals range in specific gravity from slightly less than 1.0 
for the mineral waxes (hydrocarbons) such as ozocerite and gilsonite to 

168 
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23 for native metallic iridium. The native metals are the heaviest 
group, ranging from 5.7 for arsenic to the figure for iridium given above 
The hydrocarbons, of which the coals are the important ones, are the 
lightest group with a range from 1.0 to 1.8. The group comprising the 
selenides, tellurides, arsenides, etc., ranging from about 5.0 to 10 6 is 
the second heaviest group; then come the salts of the metal acids 
tungstates, molybdates, uranates, etc., with a range of 5.0 to 9 4- next 
the sulphides with three below 4.0, 16 from 4.0 to 5.0, 7 from 5 0 to 6 0 
6 from 6.0 to 7.0, 4 from 7.0 to 8.0, and 1 at 8.1. The oxides come next 
with a range from 2.6 for aluminum to 7.1 for lead. The carbonates 
phosphates, and halides cluster in general in the range 3.0 to 3.3 with 
the aluminum, alkali, and soluble varieties generally falling to the 
middle or lower 2’s and the heavy-metal salts ranging from 4.0 up to 
6.0 or more for lead salts. The silicates, which form the bulk of the 
gangue minerals, are about equally divided in number among those 

.a ran f® from 20 to 2 - 5 > mostly containing aluminum, the alkali 
metals, and hydrogen as the positive elements; those from 2.5 to 3.0 in 
which calcium and magnesium are the predominating positive elements- 
those from 3.0 to 3.5 in which there are considerable amounts of iron- 

and those from 3.5 to 4.5 in which manganese, zinc, and various rare 
metals occur. 

Sink-float concentration consists in flowing a stream of crushed ore 
continuously into an essentially fluid body in a vessel so arranged that it 
can continuously discharge float and sink particles separately witho^ 
d.schm-gmg therewith any considerable portion of the separating medium 
I he latter may be a liquid or a quicksand. Its necessary characteristic 
is a density that lies between the densities of the mineral particles that 
are to be separated. Operatively, its internal friction must be suffi- 

floating ° W t0 Pe,m,t relat,VCly high Particle velocities in sinking and 

Few substances that are liquid at normal temperatures and pressures 
have liquid densities high enough to float any of the minerals usually 
encountered in separating problems, and those that have suitable 
densities are usually expensive and frequently toxic. The h.l 
substituted hydrocarbons (see Chap. 13) offer the most m ° K ° n ” 
Pen t ael 1 1 ore thane, C 2 HC1 5 , P = 1.68 Ch^eS^^ 

(/=2G~3 oi "' e It SC : Paration * ““<> « = 1.3 ~ 1.8) from date 

pent despite its toxicity but is not economic at pr^nMn o n ‘! H 
w,th established methods for the separation compel,t.on 

Saturated aqueous solutions of certain inorganic salts of high solu- 
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bility and specific gravity have long been used for laboratory separations 
of minerals; these also suffer the handicaps of costliness and toxic or 
corrosive properties that debar them from mill use. 

Relatively fine quicksands, normally 20-mesh or finer in maximum 
particle size and either short- or long-range, comprise the media in 
commercial sink-float operation. The essential elements of such oper¬ 
ation are: removal of fines from the feed by screening and washing; 
diaining off w ash water; separating; draining medium from the products; 
washing adhering medium from the drained products; recirculating 
drained medium to the separating tank; purifying the dilute washings 
from the products; and dewatering the residue of medium solid to the 
density required for use. Since the actual mineral separation is rela¬ 
tively rapid, it is apparent that it is a minor part of the operation as a 
whole. 

From the physical aspect alone the important characteristic of the 
quicksand medium is its density. But from the operating point of 
view the speed with which the particles separate, which determines the 
capacity of the medium per unit of volume and thus the cost of the 
operation, is at least equally important. Hence the properties of feed 
and medium that determine this speed are primary considerations. 

It was developed in Chap. 5 that the gravitational free-settling 
velocities of discrete particles in a fluid medium are determined by the 
submerged weight of the particles, which is a function of particle 
diameter and particle and medium densities, and by either the medium 
viscosity or its density or by both. It was also shown that the con¬ 
ditions under which one or the other of these fluid properties is dominant 
can be determined by the Reynolds number. In Chap. 8 it was shown 
that sedimentation rates decrease materially when many particles are 
settling at once in a body of fluid provided the crowding is such that 
interparticle spacing is a fraction of a particle diameter, and that the 
magnitude ol the decrease is greater the greater the crowding. 

It is presumptive that the same principles apply to sedimentation of 
large particles in quicksands that have been stated above for true fluids. 
With the latter the rules must be modified when the particle dimensions 
approach the intermolecular distances of the fluid. But so long as the 
particles settling in the quicksand are large with respect to the inter- 
particle spacing of the sand, justification for parallel consideration of the 
systems would seem to exist. Certainly the relatively sparse quanti¬ 
tative data available indicate parallelism. 

Free-settling experiments in suspensions are difficult to perform on 
account of the opacity of the medium and the consequent difficulty in 
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following the movement of the settling particles. Rough experiments 
indicate, however, that falling velocity increases with the particle 
diameter and with its density, and decreases with increase in medium 
density and the internal friction of the medium. Velocity- (ordinate) 
diameter curves plotted to logarithmic scales are approximately straight 
lines, and velocity- (ordinate) particle-density curves (direct plot) are 
also straight lines with slopes that decrease with increasing medium 
density. Visual observation of a pene¬ 
trating particle in a fine-sand suspension 
shows that medium particles in its path are 
crowded together and to some extent 
dragged by it. The crowding in front is 
accompanied by a thinning out in the rear 
as in Fig. 1. The velocity correlations sug¬ 
gest that an equation of the general Stokes 
form in which r is substituted for p and /, 
for rj would be generally applicable, but 
that it should contain other factors to ac¬ 
count for the energy loss in bringing about 
the crowding (f c ), the skin friction between 

the crowded particles and the penetrating particle (/„), possibly one for 
the local increase in pressure gradient across the penetrating particle 
that results from the crowding, and, of course, a shape and orientation 
factor which would change the value of the Stokes constant. Such an 
equation would have the form 



Fig. 1 . Settling particle in a 
suspension. 


V = 


g f r(6 - k'T) 


K(Ji + /„+/„) (I) 

in which k is the excess-density factor, and K the shape-unit-proportion¬ 
ality factor. 

Experiment is, as yet, insufficient either in quantity or precision to 
permit assignment of values to any of the quantities in Eq. 1 that 
constitute departures from the Stokes equation. But determination of 
n should be reasonably easy, r is certainly determinate, and f, is probably 
closely approximated by the flow-rate viscosimeter. A composite 
factor that includes and f r for any given medium and for spherical 
particles should be given by comparison of frictional resistances of the 
same medium by the flow-rate viscosimeter and the falling ball. The 
shape factor, which is probably much more potent in quicksand media 
than in liquids, must probably remain purely empirical, but, assuming 
determination of « and the L-f r f c factor, K becomes determinate by 
solving Eq. 1 for known velocities. 
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The requirements of a separating vessel for continuous sink-float 
operation are: means to maintain the suspension reasonably uniform in 
concentration from top to bottom, sufficient depth so that plunging feed 
particles do not become entrained in the stream of outgoing sink, means 
for introducing new feed into the active separating zone without undue 



disturbance of the action in that zone, space affording time for rejection 
of the last of the sink from float and float from sink, means for removal 
of products with minimum disturbance of the separating zone and with 
a minimum of accompanying medium. 

The forms of apparatus presently in use for sink-float operation are: 
(a) pointed tanks with agitating means, (6) modified mechanical classi¬ 
fiers, and (c) revolving cylinders with internal perforated generally 
radial lifters. The common elements of all three are: a tank for holding 
a body of medium and having sufficient depth to permit sink and float 
particles to separate far enough vertically so that they can be moved out 
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of the tank in different directions without interference with each other, 
an agitating means of sufficient intensity to maintain substantially 
uniform density of the medium in a vertical direction, and finally means 
for inducing independent motion of sink and float. 

I he pointed-tank separator (Fig. 2) is usually a cone with a stirring 
mechanism comprising blades mounted on an axial shaft. Stirrer speed 
varies according to the particle size of the medium solid; it ranges from 
about 100 f.p.m. peripheral with fine long-range solids to 350 f.p.m. for 
relatively dilute short-range fine sands. In the latter case it is necessary 
to supplement the agitation with water jetted 
through the walls. In the cone shown, used with 
fine medium for ores, feed is dropped onto the 
surface of the medium with a free fall through 
the air sufficient to cause it to plunge several 
inches into the body of medium. The feed point 
is about three-quarters of a circumference removed 
from float-discharge slot T in a direction opposite 
to that of the rotation of stirrer blades A so as to 
afford as much time and horizontal travel as pos¬ 
sible for float to drop out entangled sink before it 
is swept around to T. Sink is led by the sloping 
walls to the apical space below the foot of air lift 
Ji, up which it is then carried by the impulse of 

the rising stream of medium and is spilled into the Discharg< 

sink-discharge launder 6. Medium drained from 



the products and make-up medium are fed into the small head-tank M 

and distributed into the body of medium at different depths by the 

various downcomers I). This aids to maintain medium of constant 

density throughout and to control to some extent the directions and 

velocities of currents in the tank. Cone diameters range up to 10 ft. 

for ores and 20 ft. for coal. Ore cones can handle feeds up to 3-in. in 

10-in. air lifts. Coal up to 8-in. lumps is handled in cones, but this 

requires a special discharge pocket P (Fig. 3) affixed to the tip of the 

cone. Ibis has slide valves V x and V 2 manually or automatically 

operated. With the space between these filled with water, V x opens 

and sink and a certain amount of medium solid settle into P , whereupon 

l , closes and V 2 opens. By submerging P in a tank of water to a point 

s lghtly below l ,, the water in P does not discharge with the solid, so 

that when V 2 closes V x can be opened again. Capacities for ores range 

trom 1 to 8 t.p.h. per sq. ft, of nominal cone-base area according to 

sharpness of the separation; corresponding figures for coal are 1 to 1 3 
t.p.h. per sq. ft. 
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The mechanical classifiers that have been adapted to the sink-float 
separation are the spiral types (Fig. 4). Item A, showing a diagram¬ 
matic plan view of the lower end of a converted Akins classifier, illus¬ 
trates both the nature of the modification and the separating action. 



B 


Fig. 4. Spiral-type sink-float separators. 

The weir is built up to prevent overflow, and feed and medium are 
introduced over it at the corner on the side on which the spiral rises. 
The slight lift action of the spiral on the rising side tends to cause a 
cross current of surface medium toward the wall on the downgoing side, 
and this carries float toward that side. This cross flow is accentuated 
by the medium flow over the float-discharge weir and can be still further 
strengthened by introduction of make-up medium over the opposite 
wall at a point determined by trial to give best results. Middling, 
riding above the sink layer, is crowded to the surface as it reaches the 
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shallow part of the pool and is similarly carried toward the downgoing 
side of the spiral and discharged as indicated. Sink is pushed out of 
the pool, carried upslope, drained, and discharged over the customary 
sand lip. The capacity of a 63^-ft. single-spiral Akins is about the 
same as that of a 7^-ft. cone separator, which gives the spiral a con¬ 
siderable advantage in capacity per square foot of medium surface. The 
apparent reason is the continuous removal of the middling layer, which 
tends to build up in a cone and to separate slowly, if it does so effectively, 
between sink and float. The spiral also eliminates the difficulties 
inherent in air-lift removal of coarse sink and is less sensitive to feed- 
rate fluctuations. 

The internal-spiral classifier as adapted to sink-float separation is 
shown in item B, Fig. 4. Feed and make-up medium introduced axially 
via launder A impart impulse to the surface of the medium pool toward 
the opposite sink-discharge end. The lift on the rising side of the 
cylinder imparts a transverse impulse, and further medium added 
through B imparts back flow toward overflow weir C. The result is to 
distribute float in a thin surface layer over a considerable portion of 
the pool and so facilitate drop of entangled middling. The final spiral 
D is raised above pool level, and a small cascade of medium is maintained 
above it as indicated to wash back accidental float. Sink discharges 
into elevator section E, in which inwardly projecting perforate lifters 
permit drainage of medium and drop sink at the top into launder F. 
Rated capacity of a 7-ft. (diam.) cylinder on iron ore is 300 t.p.h. with 
12 hp. required for driving. Units up to 10-ft. diam. are built and are 
said to be able to handle 8-in. limiting size. Speeds of both types of 
spirals are lower than in classifier operation and should be made an 
operating variable. 

The drum-type separator (Fig. 5) comprises essentially a horizontal 
cylindrical tank A-A with hopper bottom B, and a cylindrical low-speed 
squirrel cage C with perforated shell and inwardly projecting perforate 
lifters D-D. Medium is maintained at an overflow level E by the float- 
overflow launder F. Feed is introduced via G substantially at the 
medium level. Sink is lifted on trays D, medium drains as indicated, 
and the trays discharge into sloping launder II and thence into sink 
launder ./. Sink fines are drained off from Ii as necessary. Drum 
diameters range from 0 to 14 ft. and rated capacities from 10 to 100 t.p.h. 
depending upon feed density and the sharpness of separation. 

The separating action in an operating cone is not as simple as would 
be inferred from considering the operation as one of free-settling in a 
heavy liquid. In such case the density of the fluid would be uniform 
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from top to bottom; a dense feed particle introduced near the midpoint 
of depth of the fluid would fall at a rate dependent upon its size, the 
excess of its density over that of the medium, and the frictional resistance 
offered by the medium; a less dense particle would similarly float; a 
middling particle with density equal that of the medium would neither 
sink nor float. But suspensions, unless agitated more vigorously than 



Fig. 5. Drum-type sink-float separator. 


is usual in operation, increase in density from top to bottom owing to 
sedimentation. Sink particles are more dense than the medium, and 
while falling exert a pressure in excess of that exerted by the medium 
alone, so that their effect is to increase the apparent density of the 
medium. Or, looked at from another point of view, they replace their 
own volume of medium by heavier substance and so increase the quo¬ 
tient mf V. The converse is true of the float particles. Near the vertical 
midsection a layer of middling particles collects, stratified as to density. 
Left alone, its densest particles cannot fall nor its lightest rise. 

But incoming feed affects the middling layer in several ways that 
destroy the postulated equilibrium. Impact of the feed mass imparts 
a downward momentum which, transmitted to the densest particles at 
the bottom of the stratum, destroys their balance and starts them 
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downward. Penetrating sink particles knock others downward. The 
mass builds up at the top into a lower-density zone, and, if there is any¬ 
thing approaching continuous particle contact through it, the additional 
unbalanced weight pushes the bottom layer down. In such fashion the 
heavy middling is gradually bled away at the bottom and the light is 
swept ofl at the top by the float. Some trough-type machines make 
provision for continuous or intermittent draw-off from the middling zone, 
as already noted. Introduction of medium so as to produce an upflow 
through the middling zone also affords a means of removal of light 
middling by adding the impulse of the upflow to the gravitational 
buoyancy. Such introduction makes for better control. 


Choice of medium solids is determined primarily by the medium 
density required for the separation; thereafter economic considerations 
Prevail. Since low viscosity is desirable from the standpoint of rapid 
particle movement in the separating zone and correspondingly high 
capacities, the indicated desideratum is low volumetric concentration 
ot medium solid (see h igs. 3 and 13, Chap. 8, and the accompanying text). 
On the other hand, the amount of agitation or water upflow required to 
maintain suspension increases with decrease in volumetric concentration, 
and the currents affect separation adversely. Good operation being 
more important economically than capacity, this dilemma is resolved 
by working at volumetric concentrations in the range between the 
inflection points in the curves of Fig. 3, Chap. 8. Maximum workable 
volumetric concentrations for fine long-range medium solids are in the 
range of 0.30 to 0.38. Coarser short-range solids can be worked at 
volumetric concentrations between 0.45 and 0.48, disregarding shape 
effects, which are relatively minor. 

The density required should theoretically be slightly greater than that 
of the densest particle that, diluted by value-free gangue and lighter 
middling, would produce float of the desired assay (assuming the float 
to be the tailing). But determination of the density of such a particle 
is possible only by (rial; hence the more direct method is to start testing 
with a medium slightly denser than pure float mineral and then to vary 
density until the desired operating condition is found. Practically, 
therefore, all that is needed to start is to know the density of the float 
mineral, whereupon this value, increased by, say, 0.1, is inserted for r 
in Eq. 39, Chap. 8, together with a value for P. y from the preceding para- 
graph, and 1.0 for p, whereupon 5 may be obtained. 

Medium solid should be hard, nonreactive other than superficially 
with water, oxygen, or salts derived from the ore, and, if maximum 
values of r with minimum values of/, are sought from the solid the 
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grains should be as nearly equiaxed as possible. Also the solid should 
be available at the desired size in good and dependable supply at a 
reasonable price, since a loss of 0.3 to 1.0 lb. per ton of feed is to be 
expected. These specifications tend practically to limit medium solids 
to quartz, magnetite, and a ferrosilicon containing about 15% Si. 

Operation of a sink-float plant is concerned so largely with proper 
preparation of the feed and the medium and with salvaging medium 
from the products as to divert attention almost entirely from the 
separator. A typical flowsheet emphasizing this fact is shown in Fig. 6. 

The feed is any mineral mixture in which the wanted and unwanted 
minerals differ sufficiently in specific gravity to permit separation on a 
gravity basis (see Chap. 8), and in which the dispersion of the wanted 
mineral is sufficiently coarse that crushing to a 1- or 2-in. maximum size 
will produce a considerable fraction in the size range coarser than or 
which is of low enough grade to discard as tailing. Such discard 
in the form of either sink or float, is the function of sink-float treatment. 
What quantity of discard is economic depends upon the cost and 
efficiency of the fine-ore treatment balanced against the cost and tailing 
assay of sink-float. The operation reduces the size and more or less 
proportionately the cost of the relatively expensive fine-ore treatment 
plant. Operations 1 and 2 of Fig. 6 must be performed in any event. 
If grinding is an essential part of fine-ore treatment, it alone will prob¬ 
ably cost as much or more per ton as the sink-float treatment. 

The functions of the various items from 3 to 15, inclusive, Fig. 6, 
are: 

Item 3 insures, by returning oversize to the secondary crusher (2), 
that all feed to the cone is of a size for which the sink-discharge part of 
item 6 is designed. It also eliminates from the cone feed the material 
so small that its settling and rising rates reduce the capacity of item 6 
below economic limits. 

Item 4 eliminates the fine particles that adhere to the coarser particles 
in dry screening. These fines would otherwise accumulate in the 
circulating medium from items 7 and 13, reducing its specific gravity 
and, in many cases, increasing its internal friction. 

Item 5 removes excess water. The operator is between the devil and 
the deep blue sea here. The feed-particle surfaces must be wet to insure 
nonclotting of feed in (G); they must not be too wet or they dilute the 
medium unnecessarily. Item 5 is frequently omitted, and excess water 
compensated for by dewatering further in item 11. 

Item (5: Any type of sink-float separator. 

Items 7 and 13 are usually vibrating or shaking screens on low slopes 
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which subject the material on the deck to vigorous shaking to aid in 
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Legend for Fig. 6 


1. Primary crusher. 

2. Secondary crusher. 

3. 2-deck screen; 1 y 2 - or 2-and or 
K"*n. apertures. 

4. Washing screen. 

6. Draining screen. 

6. Sink-float separator. 

7. Draining screen. 

8. W ashing screen. 

9. Thickener. 


10. Magnetic separator. 

11. Mechanical classifier. 

12. Magnetic separator. 

13. As (7). 

14. As (8). 

15. As (9). 

16 . Fine-ore concentrators. 

17. Magnetizcr. 

18. Dernagnetizcr. 


Ho. 6. Typical flowsheet for a sink-float plant using magnetic medium solid. 

Items 8 and 14 are usually screens of the same type as (7) and (13) 
but fitted with high-velocity washing jets. The screen motion turns 
the particles over and over as they travel along, presenting all sides to 
the successive banks of jets. 

Items 9 and 15 settle out the bulk of the fine solid, rejecting sub- 
stantially clear water from (15). 
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Items 10 and 12 separate magnetic medium from nonmagnetic ore 
particles (see Chap. 4). If galena is used as medium solid, these sepa¬ 
rators are replaced by flotation machines. If nonmagnetic sand is used, 
any sand-slime separator (Chaps. 7, 8) which yields sand of sufficiently 
low moisture content in convenient shape for return may be used. In 
general the medium recovery and purification system (items 8 to 10, 
12, 14, 15) are fitted to the characteristics of the medium solid employed. 

Item 11 is a spiral classifier (Chap. 8) operated to bring the medium 
to the required density. With magnetic medium it may be fitted with 
magnets below the trough to increase settling rates. 

Item 17 is a d-c. magnet acting on the pulp stream. It has the effect 
of flocculating fine magnetic particles and thus increasing their settling 
rates in (9), (15), and (11). 

Item 18 is an a-c. magnet acting on the pulp stream and serving 
to break up the floccules of magnetic solid and thus aid dispersion 
of the medium. Chemical aids to dispersion may also be used (see 
Chap. 8). 

Attendance is normally one man on the separator for immediate 
availability in case of trouble, and one man on the recovery plant. The 
principal item of cost is for recovery and loss of medium solid. Pre- 
inflation costs ranged from 5 to 20^ per ton, excluding royalties. 

Coal, because the slate gangue is denser than the coal, can be sink- 
float concentrated by using the gangue and heavy middling as the 
medium solid. The apparatus comprises a conical tank (Menzies cone) 
with a bucket-elevator type of sink discharge and with peripheral water 
inlets at several levels through the cone walls. Feed is short-range. 
Peripheral water is introduced in sufficient quantity to impart a degree 
of fluidity to the mass, whereupon coal floats and is overflowed while 
the balance of the feed is withdrawn as sink. Usual procedure on the 
coarse sizes is to operate two cones in series, making a finished-coal 
float on the first and middling float on the second. This is crushed and 
retreated. The coarsest size treated is 4^ ~ 3^-in. and the finest 
Xg ~ ? 32 -in. 

The cost differential in favor of sink-float in rejection of waste has 
spurred continuing attempt to apply it to finer sizes than are com¬ 
mercially practicable today in gravity-type sink-float apparatus. The 
stumbling block has been, of course, the slow movement of fine sink and 
float in the viscous medium, and the long paths, relative to their sizes, 
that particles are required to travel through the separating zones in 
existing machines. The wet cyclone, by multiplying the settling force, 
has speeded the settling rate, and by its compactness for a given through- 
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put rate has shrunk the separating zone to a point that separations of 
coal from slate, at least, are reported at commercially acceptable tonnage 
rates on sizes down to 48-mesh, although with decreasing effectiveness 
as size decreases. 

Operating characteristics of neither process nor apparatus are estab¬ 
lished as yet, but certain facts and trends have been reported. Thus 
the capacity of a 14-in. machine on semianthracite is reported at 15 tons 
of < 34-i n - feed per hr. A 3-in. machine taking 14 ~ 35-mesh feed, 
relatively easy to clean, treated 0.4 t.p.h. 

Separation in the cyclone with medium of a given density occurs at 
a higher specific gravity than it would in gravitational settling; e.g., 
with a medium of 1.4 density the separation was at l.G specific gravity. 
The inference is, of course, that centrifugation densified the medium to 
this extent at about the radius of the overflow pipe. 

When spigot size is set to give a vortical discharge of proper activity 
and all other machine conditions except overflow diameter are held 
constant, increase in overflow diameter increases the throughput, the 
specific gravity of separation,* the ash content of the sink, and, there¬ 
fore, the proportion of sink in the float; conversely the weight of sink 
and the proportion of float in sink decrease. 


These are, of course, not independent phenomena. The increase in 
throughput at a constant input pressure with increase in total discharge 
area is a simple flow phenomenon. As the overflow diameter increases, 
the cross-section of the cut taken from the center of the whirling mass 
in the cyclone becomes larger and its periphery cuts more deeply into 
the horizontally settling mass. It therefore picks up heavier material, 
whence the sink in float increases (see Fig. 20, Chap. 7). It also picks 
up more material, whence the weight of sink decreases, and since the 
residual sink is that which has settled horizontally the more readily, 
its ash content in coal cleaning is higher. The specific gravity of 
separation rises because of the deeper cut, and the float in sink falls for 
the same reason. 


Actually all these results flow from the relative sizes of overflow and 
spigot areas and the consequent distribution of efflux liquid between 
them. I Icnce, if overflow diameter is held constant and spigot diameter 
is decreased, without overload, i.e., without changing the activity of the 
vortical spigot discharge materially, the same kind of changes in per¬ 
formance occur. If, however, the overflow diameter is decreased to the 
point that the bulk of the liquid discharge is from the spigot, the down 
drive of liquid acts against the inner branch of the lower secondary 

‘The specific gravity of the fraction which divides equally between the float and 
the sink products. 
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spiral (Fig. 14, Chap. 7), and the specifically lightest coal, which is 
nearest the core, is driven down and discharged in the spigot product. 

An independent effect of varying total discharge area with constant 
pressure is that residence time of fluid in the cyclone is thereby changed, 
suspended particles are therefore subjected to centrifugal force for 
greater or shorter times, and a given particle moves a greater or less 
radial distance before being lifted to the level of the bottom of the over¬ 
flow pipe. The shorter the residence time the higher the specific gravity 
of separation, and consequently, therefore, the higher the ash content of 
both sink and float. 

The diameter of the inlet opening has little effect on either capacity 
or separation, but fall in inlet pressure decreases capacity and causes a 
marked increase in the percentage of float in sink. However, since sink 
in float decreases concomitantly, the specific gravity of separation is 
substantially unaffected. 

Loss of float in sink increases with the percentage of float in the feed. 
The reason appears to be that, with less sink material in the cyclone, 
densification of the suspension by crowding of the relatively large sink 
particles does not extend as far in toward the axis. Hence material of 
intermediate gravity, which would be crowded toward the axis with 
more sink present, and thus go with the float in the rising branch of the 
secondary spiral, is carried to the spigot by the downflowing branch. 

With long-range feeds the specific gravity of separation increases with 
fineness of the fraction, which is merely another way of saying that 
separation is less effective with the finer particles. This is, of course, 
due to their slower horizontal settling rates. 

The acute problem in sink-float separation of fine-sand sizes lies in 
separation of medium from the products. This tends to limit the 
medium solid to magnetic materials, e.g., magnetite and ferrosilicon, 
when the feed contains particles too fine for effective and efficient 
separation on screens. When screens can be used, as, say, with H~in. ~ 
14-mesh coal, the fine refuse can be used as medium. 


Review questions 

1. Define: concentration criterion; pentachlorethane; quicksand; internal 
friction of a suspension; air lift; float-sink medium; ferrosilicon; specific gravity of 
separation. 

2. Give the essential characteristics of a medium for sink-float concentration. 

3. Give the equations for free-settling in the Stokes and Newton ranges, and 
discuss the probable form of the equation in the intermediate range. 

4. Give the; general equation for the Reynolds number and the approximate 
Reynolds-number limits for applicability of the Stokes and Newton equations. 
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5. Give the essential elements of a flow-rate viscosimeter. What would be the 
dimensions of /, as determined by its use? 

6. Give the equation for determination of viscosity by the falling-ball method. 
What must be the relation between size and density of the ball and density and 
viscosity of the medium for application of the equation? 

7. What will be the general direction of the effect of particle shape on velocities 
estimated from Eq. 1 on the assumption that it applies to spherical particles? 

8. State the requirements for an effective sink-float separator. 

9. What differences in form of separators are dictated by the size of the medium 
solid? 

10. What is the relation between depth of a sink-float tank and the elevation of 
the feed-delivery point? 

11. IIow is the density of a quicksand affected by sedimentation in it of large 
particles of greater density than the sand particles? Of a dilute suspension? Of 
large particles of lower density for both quicksand and dilute suspensions? 

12. What prevents continued build-up of a middling stratum in a continuously 
operating separator? 

13. What considerations affect the choice of medium solid? 

14. What property of a short-range suspension is determinate of its internal 

friction ? \\ hat is the effect on this relation of increasing the size range? 

15. IIow is the medium density required for a given separation determined? 

16. \\ hat is the primary function of sink-float separation in a concentrating plant? 

17. What is the purpose in closing circuit on the secondary crusher in Fig. 6? Of 
removing < !4-in. material from the cone feed? Of washing cone feed? Of draining 
cone feed? 

18. What change must be made in the medium-circuit operation if cone feed is 
not drained? 

19. How are the capacities of sink-float separators ordinarily rated? 

20. What is the cost range of sink-float treatment, and what is the principal item 
of cost? 


21. Discuss the physical significance of the slope of a log-log curve of falling 
velocity vs. part icle diameter. Of a direct plot of falling velocity vs. particle density. 

22. Suggest an experimental method of determining n in Eq. ]. 

23. What is the purpose of the converging walls in pointed-tank separators? 

24. What is the effect on medium density of the range in particle size found in a 
long-range medium solid? Can this be minimized by departure from the method 
of recycling drained medium shown in Fig. 6? 

25. Discuss the methods of sink discharge employed in gravity apparatus What 
form of separator is best adapted to handling coarse sink? What would be the 
objection to using a trough separator with 6-in. maximum feed? 

26. The specific gravity of the gangue of a certain galena ore is 2.8. What approxi¬ 
mate density of medium solid should be used for separation? 

27 \\ hat are the advantages of ferrosilicon over galena as a medium solid? What 
would you expect to be the disadvantages of atomized lead? 

28. What is the advantage of the wet cydone its a sink-float separator? To what 
is this advantage due? "nai. 

29 r what is U ;° r, la,ion of the density of the heavy medium in a cyclone to the 
specific gravity of separation? Does this relation imply densification of the medium 
owing to centrifugal force? Explain your answer. Um 

30. Why does it follow in coal cleaning that when the ash content of the sink 
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fraction rises there is a concomitant rise in the ash content of the float? Would the 
same relation hold as to the lead contents in a galena-quartz separation? 

31. Discuss the effects of the ratio of areas of overflow and spigot orifices on a 
sink-float operation in a cyclone in which all other operating conditions are held 
constant. 

32. What advantage has a short-range feed over a long-range feed in sink-float 
operation? 

33. What operating difficulty outside the separating vessel arises in sink-float 
treatment of fine sands? 

34. Calculate the percentage by weight of ferrosilicon (density = 6.8) required to 
form a medium of density 3.0 when suspended in water. What will be the mean 
particle spacing in such a suspension, stated in terms of mean particle diameter d? 
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Chapter 10 

JIGGING 

Man learned 2,000 years ago or more that if broken sulphide ore was 
shaken in water in one of the loosely woven baskets he was wont to use 
for screening, the sulphide particles concentrated in the bottom of the 
basket. Drop 2,000 years and substitute the wires of a testing sieve 
for the withes of the basket, add a tub of water and a minimum of 
know-how, and one has an effective testing means for gravel and coarse- 
sand sizes. Mechanizing the combination in any of a wide variety of 
ways produces a modern jig. 

The mechanical elements of a jig are: a box A (Fig. 1) with a perfo¬ 
rate bottom which is sufficiently open to permit free passage of water, 
but which prevents passage of most of the mineral grains fed to it; a 



tank of water li into which the lower part of the box, with the bottom 
in substantially horizontal position, dips several inches; mechanical 
means C to cause water to pass up and down through the box bottom- 
means, exemplified by feed tray F and discharge spout D, to cause a 
stream of ore particles to pass continuously through the box from end 
to end; and other means to remove material from the screen and from 
beneath it, indicated by F, G and //, J, respectively. 

When a mixture of sand- or gravel-size particles of different specific 
gravities is fed continuously to such apparatus, a bed of particles of a 
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depth determined by the height of tailboard K forms in box A and is 
alternately dilated and compacted in conjunction with periodic flow 
of water through screen L. The lighter particles overflow at K, coarse 
heavy particles discharge from the screen at E and G (screen concen¬ 
trate), and finer heavy particles, if present, pass through the screen 
and discharge from H and J (hutch product). 

If an operating bed, fed with an ore in which heavy and light minerals 
are of distinctly different colors, is observed from the sides, e.g., through 
a transparent wall, definite layering is readily apparent. Closer 
inspection shows a heterogeneous mixture of specifically heavy- and 
light-mineral grains and middling grains at the feed point, and from this 
mass broken lines of grains diverging downward like extended fingers. 
Identification of the grains moving along these lines shows the specifically 
heaviest on the steepest trajectory and lines of locked middling of 
various grades above them. The lightest grains move horizontally. 
T.he paths of settling grains may be traced until they merge with layers 
of their own kind and become indistinguishable. Near the tail gate 
the paths of overflow grains turn upward. 

It should be noted that at least two distinct and different phenomena 
are described in the preceding paragraph: the presence of layers of 
grains of one kind having sufficient mobility to flow substantially 
horizontally, and downward penetration of layers by individual 
specifically heavier mineral particles. Early attempts at analysis 
centered on the second phenomenon. It will be argued herein that the 
first is the essential one. Perhaps the question of precedence will turn 
out to parallel that of the chicken and the egg. 

Rittinger conceived of jigging as a free-settling phenomenon in the 
Newton range. By equating the Newton velocity equation (Eq. 7, 
Chap. 5) for specifically heavy- and light-mineral grains, he derived an 
expression for a limiting ratio of diameters of such particles separable by 
the process, which the student will recognize as the free-settling ratio: 

d_L _ Sir — p 
du Sl — p 

The fallacy of this attack is made apparent by solving the equation 
(21, Chap. 5) for galena and quartz. The resulting diametral ratio is 
slightly over 4:1. Commercial separations of these minerals have 
been made with ratios of 30:1. The conclusion is either that settling 
velocities of individual grains are not the sole determiners of the separa¬ 
tion, or if so, that resistance to settling in a bed is not that owing to the 
inertia of the water alone. 

Later writers suggested substituting t b for p in Eq. 21, Chap. 5, 
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where t b is bed density, variously defined or conveniently left undefined. 
If, however, the simplest case—separating an artificial mixture of pure 
quartz and galena—is taken as a test, the mean value of TB for the 
quartz layer is 1.7 ~ 1.8, which gives 7.2 as the limiting diametral 
ratio.* Thus this also is far from the commercial limit and further 
indicates that the inertia of the bed does not constitute the entire bed 
resistance. 

Exploration of time relationships in a jig bed operating on short-range 
feeds makes clear one reason why Eq. 21, Chap. 5, and its modification 
could not possibly describe jig operation. These equations are derived 
from one (Eq. 7, Chap. 5) expressing terminal or equilibrium velocity. 
But an operating jig treating, say, 10 ~ 14-mesh sand (0.14-cm. aver, 
diam.) will make upwards of 150 strokes per min. Stroke length and 
duration are usually so related that the duration of dilation is one-half 
to three-quarters of the stroke period, and full dilation occurs somewhere 
near the middle of the dilation period. Assume quartz and galena. 
Taking the slowest usual speed, the stroke period is G0/150 = 0.4 sec. 
With dilation for % stroke, dilation time per stroke is 0.3 sec., and if 
maximum expansion occurs at mid-dilation there is 0.15 sec. per stroke 
available for sedimentation. The mean density of the quartz layer 
under the postulated conditions is about 1.7 gm. per ce., and that of the 
compacted layer about 2.0. The corresponding 
minimum density at full expansion would be 
about 1.4. 

Interstitial spacing in a compacted bed (by 
Eq. 42, Chap. 8) calculates to 0.21 d. Actually 
the grains are in substantial contact with their 
neighbors. The significance of the apparent dis- Fig. 2 . 

crepancy is indicated when the particles are 

assumed to be spherical. Then two adjacent particles in contact (Fig. 2) 
leave, in the plane of the figure, the void area hatched, amounting to 

— (ir/4)d 2 = 0.2b/ 2 , the mean width of which is 0.21 d 2 /d = 0.21d. 
Hence it appears that the area of the voids in a section through a quartz- 
sand bed has substantially the area of the voids in a diametral section 
through a line of spheres in rectangular close packing. It follows that 
the average spacing between nearest points .s, in such a sphere lied ex¬ 
panded cubically would be given by the expression 

Si = U - 0.2b/ = d “ 1 -21 

* Richards railed this a hindered-settling ratio in contradistinction to the free- 
settling ratio given by Eq 21 . Chap. 5. 
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and that similar correction should be applied to values of U derived 
from Eq. 42, Chap. 8, for quartz jig beds of a given density t b . The 
value of li for the 10 ~ 14-mesh quartz-sand bed at t b = 1.4 is 0.57d, 
whence the minimum face-to-face spacing is 0.57d — 0.21d = 0.36d = 
0.05 cm. 

A bed expands cubically, so the face-to-face spacing is the same in 
vertical and horizontal planes. This is concluded from exploratory 
pressure measurements in equilibrium quicksands. When, therefore, 
the expansion takes place in a box of fixed horizontal cross-section, each 
initially compacted layer beginning with the bottom loses sand to the 

space above it, and the lost 
grains there mingle with grains 
that originally were above them, 
in such a way as to preserve the 
average spacing throughout. 
Study of the numbered grains 
in Fig. 3 shows this. (It is to 
be understood that there is no 
implication in this numbering as 
to the probable positions of par¬ 
ticular grains.) Assuming that 
there is substantial approach to 
equilibrium spacing in the short time available in expansion of a jig bed,* 
the compacted bed should rearrange at maximum dilation to some such 
configuration as is shown, in which the quartz particles are spaced s,- = 

U — 0.21 d from all nearest neighbors and the galena particle has lost 
elevation with respect to its original quartz neighbors and is probably 
not at the same elevation as its temporary neighbors. 

Observation of the effect of single strong pulsion strokes on the rela¬ 
tive behaviors of a galena particle and adjacent quartz particles in the 
surface layer of an initially compacted quartz bed shows in all cases a 
loss in relative height by the galena. Its upper surface is usually still 
visible after compaction at the end of the first stroke, but is definitely 
depressed. Two or three strokes normally cause complete disappear¬ 
ance. It follows, since the surface which it left is apparently equally 
packed after it disappears, that it must have displaced a quartz particle 
upward. The compacted bed then would show the galena particle 
in the second layer down and, in all probability, one of grains 5, 6, 8, 9 
in the surface layer. 

•The only available reasons for such an assumption are: (1) there is no strong 
evidence to the contrary in visual study of an operating bed; and (2) the assumption 
is necessary to the discussion which follows. 
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When the galena loses relative elevation on a pulsion stroke, observa¬ 
tion indicates that it does so either because the adjacent quartz particles 
rise earlier or faster or both than it does, or because the galena starts 
down earlier and falls faster. In either case this is movement from rest 
and must involve, in part at least, the acceleration period. The relative 
duration of acceleration and of particle motion is the immediate question. 

By ordinary hydraulic principles the case is the exact reverse of the 
initial gravitational fall of the same particles in still water. It is, 



Fig. 4. Free-fall velocities of 0.14-cm. spheres in water. 

therefore, so far as time and distance relationships are concerned, 
treatable by the methods already developed for such phenomena. Its 
opposite is not free fall, but, lacking methods for general analysis of 
fall in crowded quarters, recourse may be taken to free-fall principles, 
bearing in mind that experimentally the differences in displacement rate 
of the particles are greater under crowded conditions. 

Continuing consideration of the 10 ~ 14-mesh bed, Fig. 1 , Chap. 5, 
shows that 0.14-cm. particles of both galena and quartz fall with 
velocities near enough to those of the lower limit of the Newton range 
to justify use of Newton-range equations in the present exploration. 
Figure 4 is a plot of Eq. 10, Chap. 0, for 0.14-cm. quartz and galena 
spheres. The horizontal dotted lines are the equilibrium velocities 
for quartz and galena particles by Eq. 7, Chap. 5. From the chart a 
0.14-cm. galena sphere reaches 95% of its maximum velocity in 0.11 
sec. and a quartz sphere of the same size in 0.08 sec., which is, of course 
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confirmed by Eq. 8, Chap. 6. In these times the travel would be 3.6 
and 1.3 cm., respectively. Since stroke length for a bed with this size 
of grain would not normally exceed 1 cm. and upward particle travel 
rarely exceeds stroke length, it follows that particle movement is largely 
within the range of high acceleration for both quartz and galena and 
consequently that Eq. 21, Chap. 5, cannot apply. The modified form 
of this equation, based on r B = 1.7, gives / 0 . 9 5 equals 0.09 sec. for galena 
and 0.08 sec. for quartz; corresponding s 0 . 95 values are 2.1 and 0.74 
cm. These times fall within the time available (0.15 sec.). The ques¬ 
tion of distance cannot be settled offhand for the quartz on the basis of 
stroke length, since there is a possibility that the rise of the top layer 
of the bed might exceed 0.74 cm. But even if it did rise 1 cm., the bulk 
of the travel time would be at a velocity less than terminal velocity. 

Hence experimental fact demonstrates that jigging of short-range 
feeds of the sizes usually so treated cannot be analyzed by application 
of terminal-velocity equations, and time analysis shows that one reason 
for this is that the separating motions occur during the period of 
acceleration. 

A more fundamental objection to such treatment arises from a kinetic 
attack. An exaggeratedly simple form of this attack is to imagine 
oneself the penetrating particle. With parallel magnification the bed 
particles become large rocks and the motion of the interstitial water a 
rushing torrent. Imagination need be stretched only slightly to bring 
realization that the head-on collisions and dragging sideswipes which one 
would suffer would have marked effects on his progress. Any complete 
analysis must include these actions. 

The only things known definitely about the forces acting on the 
particles in a jig bed are their sources, and that they vary continuously 
but not regularly in time and differ with position throughout the bed 
at any given instant. Much can, however, be inferred as to their 
general nature and their relative magnitudes and directions during 
different parts of the cycle. 

The three sources of force are gravity, the walls and bottom of the 
jig box, and the actuating mechanism. The effects of gravity in buoy¬ 
ing particles and in causing settlement have been discussed in this and 
preceding chapters. The supporting reactions of the relatively rigid 
screen and sidewalls of the jig box arc familiar. The action of the 
mechanism and the means by which its force is transmitted to the 
particles vary both with the mechanism and with the type of jig. Since 
this force is the principal variable in causing particle motion, it should 
be explored here before inquiring further into that motion. 

Fixed-sieve jigs are actuated either by plungers, paddles, or other 
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mechanical means of imparting a reciprocating motion to water in a 
walled passage, or by interruption of one-way flow through such a 
passage, as by a rotating valve. In either case the water is used to 
transmit the actuating force to the bed particles upwardly along a 
substantially vertical action line. In movable-sieve jigs the force of the 
mechanism is transmitted to the bottom particles of the compacted 
bed directly by the screen, in an upward direction, again along a sub¬ 
stantially vertical action line. Gravity acting directly on the particles 
is always one of the opposing forces and causes particle motion relative 
to the water whenever the particles are not rigidly supported. The 
downward drag of water, gravity-impelled, acts additionally on the 
particles whenever the down¬ 
ward velocity of the water 
exceeds that of the particles. 

The nature of the drag force 
varies with the relative veloc¬ 
ities of water and particle, as 
discussed in Chap. 5. The op¬ 
position to gravitational settle¬ 
ment is primarily the inertia of 
the bed particles, acting with 
or without interparticle slip. 

£ 

• ^ 

Time variations in the veloci- 5 
ties of the plunger and of water 
in a fixed-sieve jig with plunger 
area equal to sieve area are 
shown in Fig. 5. Item A is the - 
position-time graph for the 
plunger. Item B, on the same 




time scale, shows relative velocities of the plunger and of the water 
at the screen level, and through a bed layer, all relative to the wall of the 
jig box. I he plunger is assumed to be eccentric-driven, hence the 
symmetrical position curve. The velocity curve for the plunger is 
of course, a plot of the slopes of the position curve at corresponding 
times. Rising water velocity through the screen is greater than that 
of the plunger at any instant by the constant multiplier A p /A„, where 
A„ is plunger area and ,1. is screen area times decimal fraction of screen 
opening (assuming no plunger slip). On the rise of the plunger during 
the period from low initial velocity to maximum dilation of bed inelu- 
sive, the water follows the plunger and its velocity through the screen 
is higher than that of the plunger by the same factor as above. As 
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soon, however, as compaction on the screen starts, resistance to the 
gravitational downward flow of the water may and usually does permit 
the plunger to run away from the water, whereupon the velocity through 
the screen may fall below that of the plunger, as indicated at a. Water 
is added in the plunger compartment to make up for that overflowed on 
the pulsion stroke, and this coacts with the plunger to bring screen- 
water velocity to zero at the time that the plunger reverses direction 
at the top of its stroke. 

Interstitial velocities through a layer depend upon the layer and the 
degree of dilation that it attains. For any given layer, compacted 
interstitial area is normally somewhat below the open area of the sup¬ 
porting screen, wherefore initial rising velocity is higher than that 
through the screen. The following points on this curve can be inferred: 
maximum rising velocity probably falls on the screen-level curve, since 
dilation is well started before maximum velocity is reached; this 
maximum is necessarily higher than that in the empty jig box (equal 
that of the plunger) because of the restriction in area; rising velocity 
will continue lower than at screen level and higher than that in the 
empty box until just before the start of compaction of the layer, when 
interstitial area again equals area of screen opening and interstitial 
and screen curves coincide; thereafter flow quantity is determined by 
interstitial area and gravity head of water. Then, with screen open 
area greater than interstitial area, screen-level velocity is the lower; 
plunger velocity is probably highest of the three during the latter part 
of the stroke, as indicated by the fact that the plunger runs away from 
the water; the three velocities reverse direction together at the end of 
the stroke. 

The drag forces corresponding to the interstitial velocities indicated 
in Fig. 5 are not definable for any particle at any given position or time, 
not only because of ignorance of shape and orientation coefficients, of 
accurate time-flow relationships, and even of the force-velocity relation 
in the intermediate range, but also because flow direction is infinitely 
variable and completely indeterminate. But whatever these forces 
may be, they are determined relatively as between adjacent particles 
in the bed as functions of particle diameter only, if particle shape and 
orientation are neglected. 

Resistance owing to interparticle collisions is not definable with 
respect to any given penetrating particle. An empirical coefficient 
for any given bed at any given dilation is probably obtainable by 
determining settling rates in an equilibrium expanded bed of that 
dilation and comparing with the corresponding rate in a true fluid. 

A similar coefficient would also be obtained from an operating bed 



Chap. 10] 


DIFFERENTIAL SEDIMENTATION 


193 


by determining settling rates through it. But neither coefficient would 
contribute much to definition of the resistance factors. A measure of 
the order of magnitude of this coefficient is provided by Fig. 6, which 
gives the velocities of metal spheres of various densities in a 
10 ~ 14-mesh quartz jig bed. Falling velocities of the same spheres 
in a quiescent liquid of the mean jig-bed densities would average 80 
times as high as in the bed of 1.6-gm.-per-cc. density ( B ) and 200 
times as high as in the bed of 1.8 
density (A). 

The linearity of the experimental 
curves in Fig. G indicates that fric¬ 
tional drag of the bed particles on 
the penetrating particle is far in 
excess of inertial resistance. If in¬ 
ertial resistance were a material 
factor, velocity should vary as a 
fractional power of penetrating- 
particle density (cf. Eqs. 5, G, 9, 
and 16, Chap. 5). 

It must be borne in mind, how¬ 
ever, that Fig. G deals with a case in which the penetrating particle is 
much larger than the bed particles and that this causes compaction of 
the bod particles ahead of the penetrating particle to a degree not met 
with in ordinary jig operation. 



Fig. 6. Velocities of fall through jig 

beds. 


It was shown on page 188 that a heavy particle in the surface of a jig 
bed gains in downward progress relatively to a light on the pulsion 
stroke in a fixed-sieve jig, whereupon it has a head start on the fall and 
therefore gets first chance at an empty space in the compacting layers 
beneath I here is opportunity for such a particle to gain additionally 
on the fall. Assume a case such as pictured in Fig. 3 in which a galena 
pai title and quartz 5 and G are at the same elevation at the instant 
when the quartz has just stopped rising and when the upward current 
continuously decreasing in velocity, will permit it to begin to fall the 
following instant. 1 lie galena will already be falling 

, S , lartS , at the screcn ' ^‘y wi ‘>* particles spaced like 
quartz 15, 10 17, and 19. One particle from the row above will enter 

he compacted row. On the average the particle which enters will be 
the one that makes contact with the lower particles first. With quartz 

a | phere . S “ p,cturc ^ "•'»<* onc this Would be is a matter of chance 
dependent upon the velocity distribution in the falling water Two 

spaces W.I1 thereupon be vacant in the second row up, three in the third 
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etc. When one of the rows contains a galena particle, this will have 
started to fall before its quartz neighbors and will accelerate more 
rapidly (see Fig. 4). Hence it will have first chance at empty spaces and 
will on average always crowd out a quartz particle adjacent to it at the 
beginning of fall. Since, on the assumption, such a quartz particle 
must be one that started upward from a lower level than that at which 
the galena was at the beginning of pulsion, it follows that the galena 
will have gained relatively to the jig box during the stroke by the dis¬ 
tance of its fall during the compaction, and will have gained addition¬ 
ally relative to adjacent quartz grains by reason of its lag on the pulsion 
strokes. Further, since its downward velocity during compaction is the 
sum of its falling velocity in still water and the velocity owing to down- 
drag of the falling water, it follows that its fall relative to the jig box 
during the time that such fall occurs is at a velocity that exceeds 
its gravitational free fall by an amount that may be a considerable 
fraction of the subsidence velocity of the water through the com¬ 
pacting bed. 

Frictional and inertial resistances by bed particles to galena fall are 
probably less than for quartz in the case postulated because galena 
entering a partially compacted row has greater opportunities for empty 
spaces and arrives when these are of maximum area and while the 
particles already in the row have maximum freedom of horizontal 
movement. 

If, at the start of compaction at any level the galena particle is below 
adjacent quartz particles, its opportunity for free entrance into an 
underlying empty space is enhanced; if it is above, it is, of course, 
decreased. 

The mean falling velocity of galena through the bed is the gain during 
compaction multiplied by the strokes per minute and divided by the 
duration of a stroke. It should be a multiple of particle diameter, 
since it involves step movements from row to row downward. The 
gain per stroke will vary with the dilation per stroke, ranging from 
one or more particle diameters (rows) when dilation is great and empty 
spaces are substantially always available to the penetrating particle 
to a fraction of a diameter when dilation is small and the penetrating 
particle must crowd several particles aside to attain entry into a lower 
layer. Velocity of penetration of a short-range bed by bed-size particles 
is, therefore, a function of particle diameter, the densities of both bed 
and penetrating particles, stroke length, stroke acceleration on both 
pulsion and return, and the number of strokes per unit of time. Particle 
diameter probably enters to a power greater than 2 because the pulsion 
effect of the water and its inertial resistance both involve this power, 



Chap. 10] 


DIFFERENTIAL SEDIMENTATION 


195 


whereas diameter enters further as an element in the falling space 
available. Bed-particle density is a factor in pulp density, which 
determines the submerged weight of the penetrating particle, and it is 
also a factor in the inertial resistance of the bed particles to horizontal 
displacement. The density of the penetrating particle is a factor in the 
gravitational pull and also in the inertial resistance of the particle to 
fluid drag upon it by downflowing water. Stroke length and the 
acceleration during pulsion determine pulp density and thereby both 
the duration per stroke during which relative particle movement can 
occur and the net gravitational force on the penetrating particle. Stroke 
acceleration on return may affect the downward water velocity and 
therethrough the downward drag on the penetrating particle. Particle 
shape and hardness are also factors, but, when formulation of the 
relation between the other factors is finally effected, they will appear in 
an empirical constant. 


In movable-sieve jigs (Fig. 1) the support is dropped from beneath 
the compacted bed on the downstroke, whereupon dilation starts 
from the bottom and proceeds upwardly through the falling mass. 
The same thing occurs with a fixed-sieve jig when the pulsion stroke 
has sufficient acceleration to lift the bed bodily from the screen. This 
difference in direction of dilation produces a difference in the kinetics of 
bed penetration. There is no current-induced differential upward 
movement of grains; there is simply a succession of mechanical lifts 
of the mass of grains, followed by mass presentation of them to a 
generally stationary or falling body of water. As a result all gain of 
heavy over light grains is made during particle movement that corre¬ 
sponds to the compacting stage of the top-dilated bed, although particle 
spacing during this period goes through a cycle of increase and decrease. 
The heavy particle gains on the light during the dilation part of the 
cycle, owing to its more rapid acceleration (see Fig. 4). It thereby 
gets first choice, as it were, at the low places in the compacting bed 
to which rushing water tends to lead it with rise of screen or correspond¬ 
ing action in a fixed-sieve jig. 

It was asserted earlier in this chapter that the basic separating 
phenomenon in jigging is not the settlement of specifically heavy 
particles through a semifluid bed of lighter grains. Proof of this lies in 
the fact that the layer of light particles can be removed from the bed 
of an operating jig without stopping or even seriously affecting the 
separat ion. Thus if feed is shut off and t ail gate K, Fig. 1, is successively 
lowered, concentrate discharge ceases, and first the tailing layer, then 



196 


JIGGING 


[Chap. 10 


the middling layer, flows away and there remains only the heavy- 
mineral—originally the bottom—layer. Holding the tail gate at the 
height now reached, starting feed again, and adjusting concentrate 
discharge to the rate of heavy-mineral entry to the bed will result in 
renewed separation, the heavy-mineral particles from the feed becoming 
engulfed in the bed while tailing and middling flow across the top in a 
thin sheet. The operation is cranky, and tailing grade rises owing to 
accidental slop-over of heavy-mineral particles, yet there is no question 
but that effective separation is taking place. The basically effective 
part of the bed is, therefore, the heavy-mineral layer; the upper layers 
serve simply as a guard against loss of small amounts of heavy mineral. 

Visual observation on the side of an operating bed treating an ore in 
which heavy and light mineral are of distinctly different colors shows 
top and bottom bands of clear color—except just at the feed end of the 
top band and an intervening band of intermediate color ranging in 
shade from near-tailing at the top to near-concentrate at the bottom. 
During dilation these bands give the impression of layers of immiscible 
liquids floating one on the other, and they exhibit both internal and 
interfacial characteristics sufficiently analogous to those of liquids to 
justify characterizing jigging of relatively short-range feeds as a sort 
of liquid sink-float operation. The particles—pseudo-molecules—of a 
given specific gravity merge with their own kind and can migrate 
randomly throughout their own layer, but they cannot cross an inter¬ 
face into a denser layer. Particles of other densities, heavier or lighter, 
like immiscible molecules, migrate to the interfaces by the mechanism 
already described. They can and do cross the interfaces at which they 
arrive, in a direction that puts them with others of their own specific 
gravities. 

It is clear from the facts set down in the preceding paragraph that 
there are fundamental differences between the action of a layer in a jig 
bed and that of a sink-float medium. The latter can be entered by 
grains the size of the medium solid or even somewhat larger which are of 
lower specific gravity than the grains of medium solid or even than that 
of the medium itself. Furthermore, grains definitely larger than the 
medium solid and of lower specific gravity enter readily if they are of 
greater density than the medium, whereas such grains will often be 
stopped by a jig layer before they submerge completely. These differ¬ 
ences are attributable to a variety of causes. 

From the standpoint of normal jigging operation the important 
action is that which prevents passage of bed-size particles across a 
layer interface into a layer of bulk density lower than that of the particle 
that seeks to enter. The explanation would appear to lie basically in 
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the dilation wave and in the differences in interstitial spacings in the 
layers of different densities. If the dilation wave starts at the top— 
considering the middling-concentrate interface in a three-layer bed— 
the lowest and heaviest middling particles, which directly overlie the 
concentrate layer, are subjected to the impact of rising water at the high 
interstitial velocities imposed by the relatively small interstices in the 
still-compacted underlying concentrate layer and are lifted before the 
underlying grains lift and, being lighter, are lifted farther. Later in the 
stroke, since compaction begins at the bottom, the concentrate layer 
compacts first and, by the time the lowermost middling grains arrive at 
the top, concentrate grains are immovable by any force that the 
middling grains can apply. Grains of concentrate arriving from above 
seat initially on top of the existing concentrate layer, but lag behind 
middling neighbors on the next pulsion stroke. If dilation starts from 
the bottom (in a movable-sieve jig or with shock pulsion), yet again 
compaction starts at the bottom, and the concentrate layer is again 
compacted when the heavy middling grains arrive. 

L rom the standpoint of capacity, the controlling factor in bed action 
is the rate of penetration of layers of lighter grains by heavier individual 


particles. This is, of course, the more rapid the less the internal 
friction of the layer, which is to say the greater the particle spacing. 
Pulsion should, therefore, be the maximum consistent with maintenance 
of layer stratification. The duration of pulsion should be as great as 
is consistent with the demand for suction, which is to say that with 
short-range feeds it is limited only by the requirement that the heavy 
particles must have a net downward movement, but that, with long- 
range feeds demanding removal of fine heavy mineral in the hutch, the 
suction period must be long enough and the downflow of water through 
the bed sufficiently rapid to give parinterstitial heavy particles a chance 
to penetrate between large light particles before these seat. 


It was stated earlier that jigs will make effective separations of galena 
and quartz when the diametral ratio is of the order of 30:1. This is 
done by what is commonly known as jigging through the sieve or hutch 
making, i.c., by using a sieve with apertures coarse enough to pass the 
concentrate particles and placing on the sieve a bed (ragging) of large 
grains specifically heavy enough to maintain themselves in position 
against as coarse or coarser gangue. The ragging may be either denser 
or less dense than the concentrate, but must be more dense than the tail¬ 
ing and coarse middling. The jig may have either fixed or movable 
sieves. 

Ibis operation is a combination of several different and distinctive 
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actions. First, the feed particles stratify by size with the coarsest 
grains at the top. This is the result of recurrent dilations of small 
enough magnitude to prevent appreciable free fall of larger particles. 
Thereupon, during the intervening compactions, the coarser grains 
contact and interlock while there is still sufficient interstitial space for 
fine grains to trickle on downward. When the mixture of fine grains 
arrives at the upper surface of the ragging, those grains which are 
smaller than the interstices in the compacted ragging bed will enter with 
downsurging water and will tend to be expelled by an upsurge. But 
on the upsurge the heavier particles start more slowly and, because of 
greater settling velocities in the water, have lower absolute rising 
velocities than equal-sized lighter particles. Hence by suitable regula¬ 
tion of interstitial-water velocities it is possible to have a net fall of 
specifically heavy particles and a relative net rise of light. Particles 
that are not subinterstitial in compacted ragging can still penetrate 
if they are small enough to move interstitially when the ragging is 
dilated. The behavior of particles that approximate ragging size is 
that of particles in a short-range feed. Toward very coarse gangue 
particles the ragging acts like a heavy medium but with added resistance 
arising from compacting of ragging grains that extends a considerable 
distance below the large particle and may reach the screen. Such 
gangue particles will not discharge by jig action; they must be removed 
manually or, better, be kept out of the feed. 

Hand jigging is a standard laboratory method of testing gravel-size 
feeds. The apparatus required is a testing sieve (Chap. 3) of smaller 
aperture than the diameter of the finest grains in the feed, a tub of 
water, and a sheet-iron skimmer with relatively straight edge and small 
enough to manipulate within the sieve. The sieve is charged with feed 
to a depth of 8 or 10 to 40 or more grains according to size but preferably 
to not closer than an inch of the rim. Submerge the charged sieve in 
water in the tub till the water just covers the charge, holding it in both 
hands with screen horizontal. Push down quickly enough to drop the 
screen from beneath the charge, for a distance ranging from 1 in. for 
coarser feeds to to ]/ 2 in. for finer, the guide being that the bed should 
loosen but not boil at the center. Raise more slowly. After 40 to 60 
such strokes skim off the tailing layer, charge more feed, and repeat. 
As the middling layer builds up, skim middling separately. Close 
separation between tailing and middling and between middling and 
concentrate on final skimmings must be made by hand picking. With 
this proviso, the tyro can make as close a separation as is possible in the 
best mechanical jig. 
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Movable-sieve jigs are mechanizations of the hand jig with means 
added to move feed into and products out of the separating zone con¬ 
tinuously. The Hancock type is best known. It consists (Fig. 7) of a 
rectangular screen box A, about 3 ft. wide and 20 ft. long, suspended in 
a compartmented box B by hangers from an actuating mechanism which 



Fig. 7. Elements of a Hancock jig. 


causes A to oscillate in a short curved path as indicated at C. An 
auxiliary mechanism permits stopping the upper forward travel with a 
bump of adjustable intensity. The lift of the screen is effected by a 
cam, whereas the fall is by gravity; assisted by the bump, fall is suffi¬ 
ciently more rapid than that of the bed to leave the latter temporarily 
suspended. Forward travel of the bed 


is effected by the sudden stoppage of 
the upward-forward movement of the 
screen frame while their inertia carries 
the particles onward. Feed is intro¬ 
duced as indicated by arrow F. Water 
level is maintained by the adjustable 
slat weir at D. 

Concentrate is made both “on” and 
“through” the screen. Screen concen¬ 



Fig. 8. Cup discharge for screen 
concentrate. 


trate is taken off by a cup discharge (Fig. 8) which comprises a pipe 
V passing through the jig screen s and a cup c mounted on « con¬ 
centric with p. Both c and p are adjustable vertically. Operation 
involves automatic hydrostatic balance in a dilated bed between the 
head off the suspended concentrate layer within cup c and the combined 
head of the tailing, middling, and concentrate layers outside Cup c is 
set to project downward into the layer that is to be removed as concen¬ 
trate and so to shield against entry of overlying layers. The upward 
Promotion of p determines the depth of concentrate layer carried on the 
screen; change in upward projection changes the concentrate-with¬ 
drawal rate temporarily, but this is determined ultimately, of course by 
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the amount of concentrate material in the feed. The lower end of p is 
connected to flexible tubing that leads out through the compartment 
wall. 

Movable-sieve ore jigs are usually operated to make hutch concentrate 
through ragging. Transverse dividers E, Fig. 7, or a grid or both hold 
the ragging in place as the ore stream flows along above it. Screen 
apertures increase and the density of the ragging decreases from feed to 
discharge end of the sieve, with the result that beds are more porous 



Fig. 9. Harz-type jig. 


toward the discharge end and the downflow of water through them 
(suction) is more rapid. This aids in getting light middling down to 
and through the screen. 

Fixed-sieve jigs have stationary screens mounted in vertical passages 
through which water is impelled intermittently by a variety of mech¬ 
anisms. The Harz-type plunger jig is best known. It comprises two 
or more compart ments or cells (Fig. 9) set side by side, with screens on 
successively lower levels from feed to discharge end. The essential 
elements of each cell arc the screen box A and connecting plunger pas¬ 
sage B in which a loose-fitting plunger C is reciprocated by a drive 
mechanism D. Transverse walls E with slotted openings F form the 
compartments, hold beds in place, and divide the hutch tank H into 
individual tanks, one for each screen. Item G is a semicylindrical shield 
corresponding to item c, Fig. 8, surrounding a slotted opening into 
spout //, which corresponds to pipe p of the preceding figure. Hutch 
concentrate is discharged through pipe J. 

Other types of fixed-sieve jigs differ essentially from the Harz type 
only in the means employed to effect the intermittent water movement 
through the screen. Thus a paddle mounted on a rocker arm below the 
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partition separating compartments A and B of Fig. 9 and replacing the 
plunger would make a paddle jig. A flexible rubber diaphragm sealing 
the space between plunger C and the surrounding walls would convert 
the plunger jig into a diaphragm jig. Shearing off compartment B, 
carrying the dividing wall down to the slanting bottom, and supplying 
water to the resulting hutch compartment through a rotating valve 
would give a simple pulsator jig. Or eliminating the rotary water valve 
and connecting II to a closed vessel with suitably valved air-inlet and 
outlet ports would convert to an air-pulsator jig. Details of placing and 
construction of the various parts differ in complexity and effectiveness 
in the machines of different manufacturers. 



Transverse section Longitudinal section 


Fig. 10. Elements of Baum jig. 


Jigs for coal cleaning differ from those used for heavy ores in several 

important particulars. (1) Since maximum feed sizes arc larger for 

coal (8-in. in some cases), much greater stroke lengths must be provided 

and compartrnents must l>e larger to prevent tightness of bed. (2) Since 

there IS a much larger percentage of refuse to be discharged from the 

screen than >s normal in metalliferous work, and since the refuse is much 

coarser than usual metalliferous concentrate, refuse-discharge ports 

must be of much larger cross-section and flow toward them must be 

aided. (3) ( ontrol of refuse discharge is by mechanical means rather 
than by hydraulic heads. 

Hie air-type jig is the one most used in modern jig installations It 
is made by several manufacturers. The common elements are shown 
diagrammatically in Fig. 10. Feed entering at F flows longitudinally 
across screens or grates A set over the top of compartmented hutches 
Screen refuse is drawn off at regulated rates by star gates C or equivalent 
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arrangements, and hutch refuse falls into spiral conveyors D which 
deliver it to join screen refuse in the boots of refuse elevators E. Clean 
coal overflows the tail gate and is carried away in scraper conveyor G. 
Water is pulsated by air from receiver J, passing through an independ¬ 
ently activated slide or rotary valve H, which thereby controls frequency. 
The extent of opening of valve K controls amplitude of stroke for a given 
valve setting. The structure of valve H determines relative times of 
pulsion and exhaust. A second receiver L followed by valve M makes 
it possible, by changing the relative openings of K and M, to vary the 
sharpness of the pulsion stroke. Adjustment of pulsion and suction at 
different parts of the bed is made possible by compartment walls N and 
separate valves H for each compartment. 

The range of stroke adjustment and the ease and rapidity of change 
are greater in this jig than with any of the mechanically actuated jigs. 
Rate of withdrawal of screen refuse is controlled by the speed of the 
star gates C, which is controlled automatically by the rise and fall of an 
hydrometer placed to respond to the density of the refuse layer at full 
dilation. 

A single compartment of a jig constitutes a concentrating stage, and, 
as has already been stated, a single stage cannot produce more than 
one finished product. Hence compartments are multiplied in series 
according to the ore. A two-mineral ore requires at least two compart¬ 
ments: the first makes finished concentrate and a mixed tailing-mid¬ 
dling; the second makes finished tailing and middling. A third com¬ 
partment, between the other two, will produce high-grade middling 
and enable making lower-grade tailing. High-grade and low-grade 
middling should be further comminuted separately, the former in shorter 
stages, to free valuable mineral at as coarse a size as possible. For a 
three-mineral separation, e.g., galena, sphalerite, and quartz, the first 
compartment makes clean galena; the second, galena-sphalerite mid¬ 
dling; a third, a mixture of galena-quartz and galena-sphalerite-quartz; 
the fourth, clean sphalerite; a fifth, sphalerite-quartz middling; a 
sixth acts as a guard; and a seventh is for low-grade middling and as 
clean tailing as the particle size and the capability of the machine 
permit. 

The operating variables in jigging are screen aperture, stroke intensity, 
water quantity, bed depth, layer depths, ragging, the relative quantity 
of water drawn from the hutch, feed rate, and the qualities of the various 
products. 

Screen aperture is always made as large as possible relative to the 
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particle size of the bottom layer in order to reduce screen resistance, 
prevent clogging, and facilitate passage of hutch product. 

Stroke intensity is a function of stroke length, frequency, and effi¬ 
ciency. In fixed-sieve jigs it, together with the quantity of plunger 
water or equivalent, determines the extent of bed dilation. Theoreti¬ 
cally, with initial top dilation, the combination of these factors which 
produces sufficient interstitial velocity to lift an individual particle 
reasonably early in the stroke should be capable of approximation 
analytically. Actually it is always a matter of trial and error, with 
the aim to keep stroke length at a minimum both to reduce boiling and 
to decrease mechanical strains. But coarse feeds require longer strokes 
because of the longer face-to-face spacings necessary for a given pro¬ 
portionate interstitial increase, and speed is correspondingly but not 
proportionately lower. On the other hand, a certain minimum time is 
apparently necessary for a stroke cycle—experience sets it at about 
0.2 sec. in metalliferous practice. Hence frequencies rarely exceed 
300 strokes per min. and with ore jigs range down to about 120 strokes 
per min. Corresponding stroke lengths are 0.2 to 2 in. These figures 
correspond to mean rising-water velocities of about 7.5 to 25 cm. per sec. 
Corresponding interstitial velocities in quartz beds would range from 
11 to 38 cm. per sec. From Fig. 1, Chap. 5, it would appear, therefore, 
that in fixed-sieve jigs quartz beds finer than about 14-mesh would* 
dilate from the top, that those coarser than 10-mm. would, in general, 
be lifted bodily and start dilation from the bottom, and that those in the 
intermediate size range could be made to dilate at the top first or to be 
lifted bodily according to the stroke intensity. 


Water quantity required is proportionate to stroke length, since a 

slice approximately equal to stroke length in thickness discharges over 

the tailboard of each compartment at each stroke. Part of this W'ater 

can be supplied as cross water with the feed, but enough must be 

supplied under the plunger so that there is little or no lost plunger 

motion; otherwise duration of dilation is diminished and the bed 
becomes hard. 


Bed depth is regulable by varying the height of the tail weir and is 

normally variable only within narrow limits without structural changes 

t should be as thin as is compatible with the operating requirements 

(«) to keep the top of the screen layer well below' the top of the weir at 

full expansion, and (b) to prevent boiling. A depth of 3 or 4 times 

maximum grain diameter serves for coarse coal feeds (e.g., 7- or 8-in. 

coal), 7 to 12 times for 1-in. to ^-in. ore feeds, and 20 to 30 times for 
*-mm. feeds. 


hayer depths are regulable by the height of the 


screen-concentrate 
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draw-lip, or by the load of ragging carried, and by the velocity of cross 
water. Deep layers of screen concentrate or of ragging make hard, 
sluggish beds, all other conditions remaining constant. Together with 
rapid cross water, they tend to make the layer of light mineral thin and 
also to thin down the intermediate layer. 

The quantity of hutch water drawn, all other things remaining con¬ 
stant, determines the relative strengths of pulsion and suction flows of 
water and thereby both fluidity of bed and cleanness of products. 

Feed rate and product grades are dependent for given operating 
conditions. Tailing is, however, more closely responsive to feed-rate 
variation than concentrate is. 


Size range and, to an extent, size-value distribution in feeds have an 
effect on the operation of all concentrating machines and processes, 
because gravity (or its analogue, centrifugal force) is one of the separat¬ 
ing forces in all such machines. How important size control is depends, 
then, among other things, on what force opposes gravity in the separating 
zone. In so-called gravity concentration the other force is the drag of a 
fluid, which is both difficult to control and of varying strength relative 
to gravity according to particle size. As a result, gravity concentration 
is a two-part operation comprising sizing and sorting in sequence, either 
piecoding. The two parts are best carried out in separate machines, 
because they are thus easier to control. The so-called concentrating 
machine c.g., the jig is normally the final one. If it is predominantly 
a sorting device, as the jig is, its predecessor should size, and vice versa. 
When its construction and operation are changed so as to introduce a 
strong sizing effect, it operates best on a sorted feed. 

f\ itli these tacts in mind, decision as to the size and size-value charac¬ 
teristics of jig feed becomes relatively simple. If the specific gravities 
of the grains to be separated lie close together, differences in gravita¬ 
tional forces on particles become almost, but not completely, a matter of 
size. Hence to make density the controlling factor in the separation, 
size must be equalized, which has the result of equalizing fluid drag and 
leaves the small absolute difference in gravitational pull large relatively. 
In other words, use a short-range feed and a jig that makes a loose bed, 
in which the sorting is the predominant effect. Conversely, when large 
specific-gravity differences exist, and particularly when large size 
differences coexist, as in gold placer gravels or in a grinding circuit in 
which gold frees readily at sizes coarse for gold but fine relatively to the 
bulk of particles in the grinding-mill discharge, sizing is indicated as a 
definite separating factor. In such case jigging through the screen, 
with a ragging bed of such particle size and density as will float all 
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gangue bed-size and larger, is indicated, with pulsion and suction so 

balanced as to settle subinterstitial gold but reject subinterstitial 
gangue. 

Jig capacities are rated on the basis of tons per unit of time (usually 
1 hr.) per square foot of screen area. Bull jigs (one-or two-compart¬ 
ment) for roughing out concentrate from coarse feeds with a concentra¬ 
tion criterion of 2 or more can treat up to 0.75 t.p.h. per sq. ft.; on 
<%-in. feeds rates fall to about 0.4 t.p.h. per sq. ft. for the same kind of 
service and for coarse sands to 0.05-0.1. Water consumption in coarse 
jigging has run as high as 50 tons per ton of ore, but can be kept down to 
5 or G tons. Power consumption ranges from 0.2 to 2 hp-hr. per ton 
of feed, the higher figure corresponding, of course, to coarse feeds. 
Labor requirement is relatively high for close separations. Good jigging 
requires skilled labor and careful attention. 


Jigs were the earliest of the mechanized concentrating machines and 
were utilized to the then known limit of their size range, which meant 
from about 3-in. to 40- or 50-mesh. Even finer feeds were sent over them 
for roughing out concentrate, after which the fine tailing was separated 
and reworked on buddies (Chap. 11). Middling was recrushed and 
rejigged. With the advent of shaking tables (Chap. 12) sands from 
about 14-mesh down were taken out of jig feed, and in general initial 
crushing was finer, since tables bettered recoveries on fines and it was 
not so essential to minimize fines in liberation. The advent of flotation 
drove jigs out of the sulphide-ore mills entirely. Finally sink-float 
substantially closed the coarse field. Nevertheless the jig is far from the 
dodo category. It can rough over a size range that no other concen¬ 
trator but the sluice (Chap. 11) can work, and it is displacing the sluice 
m the long-range field. It is used on 0- or 8-in. natural coal feeds and 
for roughing precious metals with accompanying coarse sulphide out of 
grinding circuits. It has no presently successful competitors in the size 
range from H;in. to 10-mesh. Finally, because of its many operating 
adjustments, it has possibilities of adaptation to the highly difficult 
problems presented by the low-grade nonsulphide ores that will consti¬ 
tute more and more the feeds of the future. Its place in various present- 
day flowsheets is shown in Chap. 24. 1 

Review questions 

diaphragm J*K; pulsion jig; hull jig; jig suction; concentrating stage ’ P J ‘ g ' 

3. D:^^.^;:x p r of a j,g and statc thdr ~ c . 
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4. Compare the diametral ratios by Eq. 21, Chap. 5, for galena, sphalerite, 
pyrite, cassiterite, and scheelite against: (a) siliceous gangue; (6) each of the heavy 
minerals against the others; (c) galena-sphalerite middling containing 65% Pb 
against pure galena and against pure sphalerite; ( d) galena-sphalerite middling con¬ 
taining 50% Zn against pure galena and pure sphalerite. 

5. Assuming that the percentage of water-filled space in a bed of galena at mean 
dilation is the same as that in a bed of quartz when the quartz-bed density is 1.75, 
calculate the density of the galena bed. 

f6. On the assumption that the particle spacing in a short-range quartz-sand 
layer in an operating jig approximates that of spheres of equal diameter in cubical 
arrangement, plot percentage of water-filled volume and face-to-face spacings for 
bed densities of 2.0 to 1.4 by steps of 0.1. 

t7. What relative pressure distributions must prevail in vertical and horizontal 
planes through an equilibrium quicksand to justify the conclusion that mean face- 
to-face spacing of particles therein is equal throughout? 

8. Show why the resistance to rise of a solid particle in a rising current of water 
is the obverse of the resistance of still water to gravitational fall of the same particle. 

9. What percentages of the free-fall velocities of spheres are attained by 0.14-cm. 
particles of quartz and galena? What percentage error is involved in using Newton- 
range equations for free-falling spheres to investigate free fall of quartz particles? 

■flO. Calculate the average free-fall velocities of quartz and galena spheres, 0.14-cm. 
diam. in water over the period required for the faster of the two to fall 1 cm. from 
rest. (Assume Newton-range equations applicable.) 

til. On the assumption of R.Q. 10, in what times would 0.14-cm. quartz and galena 
spheres reach 98% of limiting velocity in a liquid of density 1.4? What will be the 
velocities at this time? Through what distances will the particles have fallen? 

fl2. On the assumption of It.Q. 10, what would be the force exerted on a 0.14-cm. 
galena sphere, 0.01 sec. after it started free fall from rest, of a vertically downward 
water current having a velocity of 20 cm. per sec.? What would be the force, if the 
water current were directed vertically upward? 

113. After what time would a 0.14-cm. galena sphere, falling vertically in still water, 
collide with a quartz sphere of the same diameter vertically beneath it which started 
falling from rest at a distance of 2 diameters below the galena sphere 0.005 sec. after 
the galena sphere had started? If the collision were inelastic, what would be the 
velocity of the galena 0.01 sec. thereafter? What the velocity of the quartz? What 
force would the quartz exert on the galena? (Make the assumptions of R.Q. 10.) 

tl4. Draw a position-time curve for a plunger driven by a simple eccentric with 
1-in. throw making 150 r.p.m. (Neglect the effect of horizontal displacement of the 
upper end of the connecting rod.) Draw the velocity-time curve of the plunger 
corresponding. On the same axes, and assuming 10% slip, draw the velocity curve 
for water in an empty jig box 1.5 times the plunger area. Assuming that dilation 
begins at the top of the bed, at what point in the stroke will it. begin? (Take sp. gr. 
of quartz = 2.7, assume the projected area of a quartz particle equal to that of a 
sphere of the same diameter, and take the density r B of the compacted bed = 2.0.) 

15. Demonstrate from Fig. 6 and Eqs. 5, 6, 9, and 16, Chap. 5, that frictional 
resistance of the particles of a bed to penetration by a particle considerably larger 
than the bed particles is much larger than the inertial resistance. 

16. Explain how heavy particles in a short-range jig bed gain on light during 
pulsion; during suction. 

17. Name the factors which determine the rate of penetration of a short-range 



Chap. 10] 


BIBLIOGRAPHY 


207 


jig-bed layer by a bed-size particle of higher specific gravity. Analyze the direction 
of each variable. 

18. Point out the differences in particle action in a short-range bed in an eccentric- 
driven plunger jig and in a movable-sieve jig. 

19. Give evidence to support the statement that the essential separating action 
in an operating jig is the resistance of a semifluid layer of particles of higher density 
to penetration by particles of lower density. 

20. Explain why bed-size specifically lighter grains cannot enter a layer in a jig 
bed which, although of lower bulk density, is composed of grains of higher density. 

21. Describe the operation of jigging through the sieve. 

22. Explain the effect of the rate of lifting the sieve in hand jigging. 

23. Describe the essential structural elements of a movable-sieve jig and explain 
the function of each. Do the same for a plunger jig. 

24. Explain the method of automatic removal of screen concentrate from a con¬ 
tinuous jig. 

25. What are the purpose and the reason for multiplying compartments in con¬ 
tinuous jigs? 

26. Name the operating variables in jigging and explain the effect of each. 

27. Give the usual range of jig speeds and stroke length. 

28. What factors control the capacity of a jig? Explain answer. 

29. Explain why feed-size regulation is important in jig operation. 

30. Would a jig be a suitable device to treat the first-spigot product of a hydraulic 
classifier fed with <2-mm. siliceous lead ore? Explain answer. 

31. Over what size range is a jig an effective concentrator? 
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Chapter 11 

FILM AND TROUGH CONCENTRATORS 

When water rushes down a hillside stream, drops over miniature falls, 
and levels off and spreads out at the valley floor, it performs a complex 
series of mineral-separating acts which man has adapted in various 
controlled forms for commercial use. Nature built gravel placers where 
hillside streams dropped their heaviest burdens, and man has followed 
her in faithful detail in designing sluices to make richer placers from her 



Fig. 1. Longitudinal section of planilla. 


product. Nature made finer placers in the valleys and on the seashore, 
slowly pushing sands over the surface of earlier sands, and as she did 
so dropping out heavy fines where the going was hard. Man has copied 
again in the film separators. She formed quicksands where eddies 
grew or springs sent up their water, and there mud was washed away and 
heavy sands sank through. Man makes similar eddies by stirring in a 
trough, so separating sands from slimes and heavy sands from lighter. 

Probably the sluice was the first of these adaptations, but because it 
involves a variety of operations more simply analyzed in detail separately, 
consideration is deferred. 

The planilla (Fig. 1) is for concentration of fine sands. Its origin is 
obscure but undoubtedly antedates the Christian era. It is found today 
in primitive mining in Central and South America, in China and the 
East Indies. In its simplest form it is a bank of sod, root-side up, 
formed with straight-line horizontal elements and upwardly concave 
vertical elements that curve on an increasing radius from about a 30° 
tangent at the top to substantially horizontal at the bottom. It ranges 
up to 8 ft. in width and 14 or 15 ft. in length of the slanting portion. 
The elevation at the top of the slope is about 3 ft. above that of the step. 
A shallow dished pool about half the width of the structure is centered 
at the juncture of the horizontal and sloping surfaces. 

Operation consists in spreading a small batch of ore near the top of 
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the slope, and gradually washing down with water, raking coarse material 
upslope, and brushing and scraping and turning over the layer of fines 
in a downflowing film of water so as to move the lighter material down- 
slope and leave a layer of settled heavier material against the surface. 
In essence the rake is a coarse screen and no real part of the apparatus. 
The brush is a combined fine screen and stirrer. The scraper is simply 
a shovel to turn over, spread, smooth, and distribute material and so 
conserve working area and water. The sloping, relatively smooth surface 
and the film of water flowing down it are the essential elements of the 
device. 

If a large and a small sand grain are placed as shown in Fig. 2 on a 
relatively smooth, stationary sloping surface and a film of water that 
just submerges the larger particle is flowed across them, the odds are 



Fig. 2. Sizing action of a flowing liquid film. 


good, with the proportions shown, that the larger particle will reach the 
lower end first. The reason is that the water in the film has a velocity 
Profile of the general shape shown at a, and the drag force is proportional 
to powers from 1 to 2 of the velocity and the particle diameter. Hence, 
even though the inertias of the particles vary as the cube of the diameter 
the ratio of drag to inertia favors the larger particle because of the rapid 
increase of velocity with stream depth through the lower part of the 
film. As between two particles of the same size but different densities 
the specifically heavier accelerates the more slowly by reason of its 
greater inertia. Hence, when large and small, coarse and fine start 


even at the top on a smooth plane inclined surface under the conditions 
shown, at some point downslope the large arc well ahead of the small 
of their kind and the light ahead of the heavy of their size, assuming the 
velocity insufficient to scour any of them into suspension. 

B ut the planilla surface is neither smooth nor plane. Its curvature 
at the top increases the water-velocity differential in favor of the larger 
particles. These, with both mass and velocity larger, as the slope 
flattens carry further onto the flat slope than the fines. They are like¬ 
wise less hindered by surface irregularities, just as a bicycle rides more 
readily than a roller skate along a rough sidewalk. Finally they are 
forced to the surface when a layer of solid deposits by the same trickle 
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stratification discussed in Chaps. 3, 10, and 12 and are thus kept in the 
region of high water velocities. In moving along the roughened surface, 
however, the specifically heavier coarse grains lag behind the lighter 
owing to greater mass. 

Thus, of a mixture of grains that start together at the top and are 
heavy enough not to be carried in suspension by the water, the larger 
light grains come to the bottom largely under their own steam; the 
fine heavy grains hang up and stop well up on the surface, with fine 
middling just below them. Coarse heavy and fine light tend to hang 
together and must be retreated separately, slowly, and carefully. 

The obvious developments of the planilla were to substitute a more 
lasting, more uniform, more reproducible, and less labor-consuming 
separating surface for the sod and to make the operation continuous. 
Stone, smoothed and with joints cemented, was used circa 200 b.c. 
Boards were used at least 400 years ago. Canvas over the boards was 
common 100 years ago. Concrete with a sand-cement surface built to 
suit is the modern form. Pseudo-continuous apparatus have taken two 
forms: (1) a plurality of separate similar trays arranged to move auto¬ 
matically or by operator control into a continuous feed stream, to stay 
there for a period until the concentrate deposit builds down nearly to the 
lower (tailing-discharge) end, to move next—with simultaneous replace¬ 
ment by a clean tray—under a feed stream of water to wash away mid¬ 
dling, and then to move again into a battery of strong jets which wash 
off concentrate and so prepare the tray for reintroduction into the feed 
stream; (2) a fixed separating surface; automatic timer-controlled or 
operator-controlled feed, wash-water and jet-water cut-offs; and 
synchronized flap-boards at the lower end to direct flow to tailing, 
middling, and concentrate launders. 

Fully continuous machines (revolving round table; buddle) comprise 
a flat conical surface A (Fig. 3) mounted like a giant umbrella, 10- to 
30-ft. diam., on a vertical spindle B, supported on a step bearing at C, 
and gear-driven at slow speed from the top. Feed is introduced con¬ 
tinuously, as indicated, from stationary box E and products discharge 
into an annular launder D having sliding dividers to accommodate to 
the best split points between products. F is a stationary wash-water 
spray and G a stationary strong water jet to flush off the last of the 
concentrate. 

With clockwise rotation of the deck, a particle arriving thereon at a 
is pushed downward and outward along element Ob of the conical surface 
by the drag of the water. Its progress is aided relatively to its mass by 
gravity and is resisted by friction. Barring minor irregularities owing 
to particle shape and surface roughness, the particle moves from a to 6 
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relatively to A along Ob. Which division of launder D it dis¬ 
charges into depends on its velocity along Ob and the angular velocity 
of the deck. The former decreases with distance from the center of 
rotation on account of diminishing depth of water as the width of the 



Fio. 3. Revolving round table. 


sector-shaped stream increases toward the deck perimeter. ITence 

although the path of any particle relative to the deck is a straight line,’ 

relative to the earth it is a spiral of diminishing pitch. Such spirals 

t c , rn c , and c c for coarse tailing, middling, and concentrate, respectively 
arc sketched in. ’ 

Deck slopes are usually from 1^ to 1 y 2 i.p.f.; speeds range from as 
high as 1 r.p.m. to as low as 1 r.p.h.; capacities are of the order of 2 to 4 
tons per 20-ft. deck per 24 hr. for slimes to 10 or 20 tons for coarse sands 
depending upon the standards for concentrate grade and recovery (the 
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limits for both are low) and upon the relative densities of the minerals. 
On account of these low capacities up to twenty 20-ft. decks have been 
mounted 1 ft. apart on a common center column. 

The principal losses from film concentrators with relatively smooth 
surfaces occur in the finest and coarsest sizes. The very fine grains are 
lost in suspension in the water; the coarse because they roll readily. 
The remedies are different, but are readily combined by using a cross- 
ridged surface covering made of a material which contains a multitude 
of relatively deep crater-shaped openings of very small lateral area. 
The cotton corduroy shown in Fig. 4 has such a surface. The cloth is 

laid with the high side of the ridge up¬ 
stream, which points the nap obliquely 
against the flow. The ridges serve to 
hold back coarse particles of heavy 
mineral selectively. The pile of the 
cloth is rather stiff and opens like the 
bristles of a brush with the impulse of 
the current. Particles in suspension 
in the eddies are whirled down into 
Fig. 4. Corduroy for blanket table the spaces thus opened where they are 

(full size). protected from the cross flow and de¬ 

posit. Gentler eddying in these spaces 
gradually stratifies the deposited fines, and the upper layer of lighter 
particles is again scoured into suspension and carried away. Alterna¬ 
tive coverings are blanket, carpet, burlap, and the like, with ridging 
supplied by coarse screen cloth or expanded-metal lath tacked on top 
to hold the fabric. Concentrate is collected when the fabric becomes 
loaded by removing the latter and sloshing it upside down in a suitable 
tank of water. The apparatus is commonly called a blanket table. 

Operating variables are slope, pulp density, and feed rate. All are 
adjusted to the density differential of the minerals and to maximum 
particle size. The usual use is for gold recovery. Capacities range 
from about 0.2 ton feed per sq. ft. per 24 hr. for careful scavenging of fine 
gold to as much as 15 tons when roughing out coarse gold. Recovery 
may be 90% for a free-milling gold ore in which the gold is not too fine. 

The Humphreys spiral is a recent form of film concentrator designed 




for treatment of sands. It consists of a cast-iron trough of curved cross¬ 


section wound in a spiral of 2 ft. outside diameter around a vertical axis 


as shown in Fig. 5, item A. This trough contains five complete turns 
of 13J/2-in. pitch for roughing normal metalliferous ores and six turns of 
10-in. pitch for coal, oiled phosphate, and the like. Three-turn cleaners 
are used for ores. The general form of trough cross-section is shown in 
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item B. The curvature along the wall adjacent to b is greater for light 
than for heavy minerals and the entire section cants somewhat toward 
the right. The projection of the inner surface on the horizontal is 
about 6 in. on a spiral radius. 

Feed in the form of a relatively dilute pulp is introduced at the head 
of the spiral; heavy material is removed through ports b spaced along 
the bottom of the trough, the head-end-port discharges being of high 
grade whereas the ports toward the lower end discharge middling; light 
material flows out of the lower end of the trough. Wash water is di¬ 
verted from troughs d by deflectors e clipped on where needed; heavy 
sediment is helped toward the ports b by 
deflectors c held by a spring clip f. 

The forces acting on the solid particles in 
passage down the spiral are gravity, the drag 
of the water, friction against the trough, and 
centrifugal force—or rather the inertial tend¬ 
ency to continue in a straight line along the 
tangent to the spiral at any point. The 
heaviest particles sink to the trough bottom 
quickly. Here fluid velocity is least, fric¬ 
tional retardation a maximum, and, because 
of reduced velocity, the tendency of the 
settled particles to centrifugate is minimum. 

Here also secondary flow of the water (see 
Chap. 7), as indicated by the arrows in item 



Holder 


Fig. 5. Humphreys spiral. 


B, produces a transverse bottom drag toward the center of the spiral, and 
this coacts with gravity to move the settled material to the bottom- 
outlet ports. The lighter particles, by comparison, settle more slowly, 
offer less inertial resistance to fluid drag and the resulting saltation' 
attain and maintain more readily substantially the tangential velocity 
of the water, and centrifugate toward the outer rim of the trough, 
aided by the upper, outwardly directed component of the secondary flow. 
With the usual tangential surface velocities of 5 to 10 f.p.s., centrifugal 
coefficients range from about 1.3 to 3.7. Centrifugal effect is, of course, 
definitely less than this relative to gravity, even for suspended material' 
owing to the lower water velocities away from the surface of the stream' 
but even so is much greater than that with the slow-moving high¬ 
speed, e-gravity particles. Slimes remain largely in suspension and dis¬ 
charge as tailing. In general, if clean separation is wanted, the size 

range of the sands should not exceed 4Z. V ,,.„ where has the value 

defined in Eq. 21, Chap. 5. 

Maximum feed size for ores is about 10-mesh; coal feeds up to J4- in. 
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are said to be treatable, but experience with anthracite silt indicates 
that about half that size is the limit for good operation. Capacities 
range from 0.1 to 1.5 t.p.h. per spiral according to particle size and 
demands for purity of concentrate and grade of tailing. 

Trough washers are inclined open-end troughs through which gravel- 
size feeds, with or without sands, are flowed in water. Feeds may be 
long- or short-range; the contents may be stirred or not; the trough 
bottom may be smooth or variously rough; and the operation may be 
continuous or semibatch, all according to the density differential of the 
minerals and the unit value of the sought-for product. 

The coal trough for <iy~in. raw coal or finer is 1 to 2 ft. wide and 
three-fourths as deep, 50 to 250 ft. long, set on a slope of 1:20 to 40. 
It has cross cleats 2 to 4 in. high spaced several feet apart along the 
bottom. Feed is introduced with sufficient water to move the coarsest 
coal along freely. Slate moves sluggishly, owing to its shape and den¬ 
sity , and lodges behind the cleats. When the intercleat spaces become 
full, feed is stopped and slate is shoveled out. A continuous form has 
cleats of steel fastened to a continuous chain that drags them slowly 
upslope and so discharges the slate as it deposits. In this type feed is 
introduced some 20 ft. from the upper end and water at the upper end, 
thus allowing space to wash back any coal picked up at the feed point. 

The Rheolaveur is a trough washer for coal. It is distinguished by the 
fact that the heavier refuse is discharged, at intervals along the stream, 
through ports or pockets in the bottom of the trough. 

1 roughs are flat-bottomed, of widths and depths proportioned to 
particle size and the tonnage flowing. Each stage comprises a section 
of trough with two slopes in the coarse units—and one or more pockets 
discharging the single sink fraction. The first trough (the classifying 
section) in a coarse-feed machine is normally 8 to 15 ft. long with a 
pitch of 1 }X 2 to 4 i.p.f.; the following washing section is of about the 
same length but with a pitch of y 2 to 1 i.p.f. For the finer feeds the 
classiiying section has a pitch of about 2 i.p.f., and in subsequent washing 
sections pitch drops progressively from y 2 i.p.f. to y i.p.f. 

Pockets are essentially water-filled boxes fastened to the underside 
of the trough of a washing section and communicating with the trough 
through a transverse slot running across the trough bottom. They are 
run with or without hydraulic water. Slot width is frequently made 
adjustable. They are “open” or “free” for finer feeds (usually <Y%- 
in. ~ 0) and are normally “sealed” for coarse. A free pocket is shown 
in Fig. 0. Box P is rectangular in horizontal section. Curved shield B 
of iron plate runs from end to end. Water inlet W enters through one 
end wall. In the sealed pocket the wedge-shaped lower portion is 
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omitted and the walls of P make tight junction with the closed top of 
a large water-filled box, from which an inclined chimney of the nature 
of a standpipe projects upwardly to a height somewhat above the walls 
of the trough. Settled material is dragged up this chimney mechani¬ 
cally, drains above the water level, and discharges at the top. 

Several variants of the Rheolaveur are used, but all employ the same 
basic principle. 



/f\ 


1 

Fig. G. A form of Rheolaveur pocket. 


Observation of trough action shows that in the classifier section the 
stream is in eddying turmoil—amplified by spaced transverse cleats on 
the bottom, if necessary—and that rough stratification by gravity takes 
place. In the washing section general turmoil is reduced by the de¬ 
creased water velocity, and a marked velocity differential develops 
between the heavy, generally flat refuse particles sliding slowly along 
the bottom and the roughly equiaxed coal particles rolling along on top 
of them. The rough upper surface of the slate layer, which accentuates 
the rolling, loosens the upper layer sufficiently to permit entrapped 
finer refuse to fall out. Essentially the launder is the separating zone 
of the device; the slate pocket is the refuse port, with the ability 
however, when hydraulic water is used, to add differential settling in’ 
a rising water current and so lift out a certain amount of lighter material 
that has dropped with the refuse. Analysis of the forces at the pockets 
shows that the higher the trough-stream velocities, the less rising water 
is needed, and the narrower the slot in the bottom, the less the drop-out 

will be. The minimum slot width is, of course, dictated by the size of 
particle to be rlisrhanr**''. 
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The sharpness of separation at any given pocket is determined by the 
density spread between the layered materials and by the size range 
present. It is possible to exclude clean coal almost completely from 
the early spigots by carrying strong rising currents, but the later-spigot 
products are not suitable for rejection, particularly on long-range feeds. 
Hence typical flow arrangements are as shown in Fig. 7. 

Feeds are long- or short-range. Maximum size is about 4-in.; mini¬ 
mum size on which effective work is done is about 48-mesh. The water 

circulated per ton of feed is about 2 tons 
\j_ c in the coarse section, which is relatively 
2 low. Launder widths for 4-in. feeds 

> range from 18 to 48 in. Capacities range 

from 50 to 150 t.p.h. per ft. of launder 
c width, according to the size of feed and 
\ a the difficulty of cleaning. 




\ 
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The sluice was probably the source of 
the ancient story of the Golden Fleece, 
since hides, hair-side up, have been put 
on the floors of sluices to catch and hold 
gold since time immemorial, and gold 
miners were despoiled of their product 
then as now, somewhat less politely but 
on a definitely less grand scale. 

The sluice is a trough concentrator for 
long-range feeds—normally 3 or 4-in. 
maximum, rarely up to 30-in. maximum; 
always with the finest natural particle size as minimum. It is used prin¬ 
cipally for treating ores from placer deposits in which the valuable mineral 
is in fine free grains and the density differential is large. This limits its 
use largely to gold, platinum, and tin (cassiterite). It is characterized by 
a roughened floor, the depressions in which are narrower and deeper the 
coarser the maximum size of the feed and the stronger, consequently, 
the transporting current t hat must be maintained. 

The sluice structure is simply a trough 12 in. up to 10 ft. wide, 6 or 8 in. 
to 4 ft. deep, set on a slope that depends principally on the size of the 
largest feed particle and the quantity of water available, and having a 
length dependent upon the fineness and density of the valuable mineral 
and upon the distance that tailing must be transported to satisfy 
disposal requirements. The floor is roughened, in temporary fashion, 
by setting in one or more of a large variety of blocks, poles, grids, and 
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C = clean coal; R = refuse; S = 
fine sludge. 

Fig. 7. Flowsheet of Hheola^ 
veur plant. (For explanation of 
form of flowsheet see Chap. 24.) 
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the like, fastened down against the flow of the current. These produce 
what are collectively called riffles. 

The commonest forms of riffles are shown in Fig. 8. Choice of form 
and setting depends upon transport requirements and upon the size 
and quantity of valuable mineral. Steel rails or peeled poles set 
longitudinally provide surfaces over which large boulders can be moved 
most easily; disintegration of cemented gravels is aided by occasional 

(Sides cfsluice box shown by broken linos) 

2A2[Headpiec*^Peeled spruce,2 m to3 m diam fm Current 3 * 
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Quarter round riffle. 
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Steel-rail riffle. 




ill 


Oteei-rail riffle. Hungarian riffle, wood, iron-shod. 

Fig. 8. Common forms of sluice riffles. 


sections of the same members placed transversely, increasing slope at 

such points, if necessary. Block riffles are used for coarse feeds with 

fine heavy mineral when deep recesses are necessary to hold settled 

material. The Hungarian and the quarter-round forms are commonly 

used for finer gravels. All these forms are made up in sections, as 

indicated in Fig. 8, to facilitate installation and removal. Rock riffles 

are used along the later reaches of long sluices, which serve primarily 

for transport but where some fine mineral can be scavenged They 

would be too expensive to set and pull out as frequently as is necessary 
near the head end. J 

A sluice is a semibatch apparatus in which roughing and primary 
cleaning are performed continuously for a certain time, on a continuous 
supply of new feed. Then feed is shut off, the riffles are removed and 
a second cleaning operation is carried out on the inter-riffle sands on the 
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smooth floor of the trough. Concentrate from this operation is removed 
and worked up further. A flowsheet is given in Fig. 9. 

The sluice, possibly more than any other concentrating device, is an 
individual design problem. Its primary duties are recovery and trans- 



Legend for Fig. 9 

!• Screen to remove coarsest gravel. Aperture depends upon disposal facilities near 
the head of the sluice and upon the slope and the quantity of water available. It is usually 
cheaper to dispose of tailing at the lower end of the sluice if water and fall are available to 
carry it through. 

2. Space above tops of riffles in head-end boxes. The solids here are being pushed 
along by the water in a state of semisuspension, forming a bed through which fine sands 
not in suspension settle by trickle stratification. Much disintegration of clay is effected 
in this mass. If necessary, disintegration is accentuated by changing riffling, as previously 
mentioned, or by providing one or more drops of a few inches up to several feet along the 
sluice line. 

3. Space above riffle tops in balance of sluice. Action is as in (2). 

4. Space between the riffle cleats beneath (2). The sand here is a relatively dense 
quicksand, kept in suspension by a combination of the eddy currents induced by the co¬ 
action of the cleats and the overpassing main stream, and vibration caused by the jarring 
induced by heavy boulders striking the cleats. Fine and specifically heavy particles 
settle, and upwardly displaced light particles are again picked up and carried on. 

5. Film concentration on the smooth bottom. This occurs during tfie clean-up after 
feed has been shut off. Then, beginning at the head end, a section of riffles is removed 
and the riffle concentrate is left behind on the bottom. A gentle stream of water, just 
sufficient.to move the lighter sand, is started, and. beginning at the upper end, the sand 
is slowly turned over and worked with a shovel or scoop in such a way as to expose it all 
to the stream and permit light material to be washed down while heavy material is moved 
upslopc. When as much cleaning has been done in this way as is adjudged economical, 
the concentrate is shoveled out. 

6. lleconcentration of the previous concentrate by panning (Chap. 12) or tabling 
(Chap. 12), with or without amalgamation (Chap. 19). (Mercury may be charged at the 
head box during running of feed, in which case it helps to hold gold in the riflles.) 

7. Space beneath (3). Action as in (4). 

8. Floor beneath (7) after removal of riffles. Action as in (5). 

Fig. 9. Flowsheet of a sluice. 

port; if disintegration is necessary, it must do that also; fortunately 
it is not charged with production of high-grade concentrate. The 
variables at the designer’s disposal are: width, length, riffling, and, 
within limits, slope. The variables forced upon him are: size and 
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quantity of valuable mineral; size and size distribution of gravels and 
the extent to which they are consolidated; rate of delivery of gravels to 
sluice head; possible frequent change in point of delivery of gravels to 
sluice head, dictated by a shallow deposit; and similar change in de¬ 
livery point of tailing, owing to lack of headroom at the lower end. 

Each of the designer’s variables is tested first and hopefully from the 
recovery angle, but final decision rests always on the basis of transport. 
The sluiceman wants the best possible recovery, but to make any at all 
he must move gravel through the sluice; he takes the best that he can 
get with the gravel moving. 

Recovery desiderata are: time; soft and active quicksands in the 
riffles, with secure protection against scouring out; frequent “rough 
water,” i.e., a disturbed water surface, which facilitates—or indicates 
an underwater condition that facilitates—the deposition of the moder¬ 
ately fine mineral; drops, which aid in getting finest mineral down by 
breaking up layering; a generally cross-rippled surface on settled sand, 
reflected in wavy surface of the water, with the ripples moving upstream 
gradually, which denotes that erosion is active on the downstream side 
and that the sand there is relatively soft and favorable to engulfment 
of heavy mineral. 


Time is obtained by sluice length and is proportioned to fineness and 
density of valuable mineral and the amount of disintegration necessary. 
Minimum length for average gold sluices is 500 ft. Coarser gold in 
unconsolidated gravels is reasonably well recovered in 200 ft. The great 
bulk of all but the very fine gold is recovered in any sluice in the first 
two or three boxes (12 ft. long each), so that profit can often be made 
on rich feeds with very short strings of boxes. Transverse riffles and 
high water velocities tend to produce soft, active quicksands, and deep, 
narrow pockets, preferably short along the sluice line, militate against 
scour. Rough water can be obtained by a section of transverse riffles 
following one or more sections of longitudinal riffling. Ripple deposi¬ 
tion comes just short of overloading. 


Transport is best with much water running at high velocity in a deep 

stream over a smooth bottom on a high slope. Since each of these 

conditions except high velocity militates against recovery, and high 

velocity makes for high wear, the designer’s difficulty is fairly apparent 

Disintegration calls for maximum tumbling of material This is 

effected by running a shallow bed over a rough bottom, which requires 

high slope, and by frequent drops of at least 1 -ft. height, both of which 

consume headroom and must be interspersed with conditions that aid 
recovery. 


Water velocities necessary for transport of feeds of various maximum 
sizes of particles of normal roundness with longitudinal or block riffling 
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predominating, and on a slope of about 0.5 i.p.f., are given in Fig. 10. 
Water velocities in operating sluices, based on water feed and pulp 
cross-section, range from about 4 f.p.s. at 1.5% slope to 10 f.p.s. at 5% 
slope. The volumes of water used per unit struck volume of pulp 
average about 10 for unconsolidated gravels of about 3-in. maximum 
and run up to 80 with a high percentage of > 18-in. boulders; consoli- 


Particle size, in. 



Particle size, in. 

Fig. 10. Transport in sluices; particle size vs. water velocity. (See text for 

limitations.) 

dated gravels require 2 to 3 times as much. Depth of pulp in a sluice 
line is normally 0 to 8 in. minimum, and as much more as is required to 
cover the largest boulder. Width is as great as is consistent with the 
required depth and the quantity flowing; the aim is maximum riffled 
area per unit of time spent in the box. Slope is the minimum that will 
give the velocities required for transport, disintegration, and recovery; 
0.5 i.p.f. is a fair mean for average unconsolidated gold gravels, up to 
twice this figure for ordinary clay-bound gravel, and up to 1.5 i.p.f. for 
shingly gravel—for lighter minerals 0.25 to 0.33 i.p.f. is desirable from a 
recovery standpoint. The rate of flow of solid through a sluice, based 
on struck volume of solid and wetted cross-section of box, is 8 to 10 f.p.m. 
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foi normal operations but may fall to 2 to 3 f.p.m. for gravels containing 
high percentages of large (> 12-in.) boulders. From another angle, 
square feet of riffled area per cubic yard per hour for gold sluices range 
from 20 to 40 and for tin from 30 to 40 where high recoveries are sought 
on low-grade gravels; with coarse gold and relatively high-grade gravels 
riffled areas as low as 3 or 4 sq. ft. per hourly cu. yd. are used. 


Review questions 


1. Define, planilla; film sizing; blanket table; trough washer; spiral con¬ 
centrator; Rheolaveur; sluice; riffle; ripple; clean-up in a sluice. 

2. Explain the basic phenomenon that underlies sizing by flowing liquid films. 

3. In what ways are film concentrators modified from the smooth inclined plane? 
Explain how such modifications enhance separation. 

4. What method of separation should be used to recover the coarse free mineral 
in film-sizer middling? 

5. Along what lines has design to make film concentration continuous progressed? 

6. Describe the essential elements of structure of a revolving round table. What 

principle of concentration does it embody? Describe the motion of a particle on 
the deck relative to the earth. What forces act on such a particle and how do they 
vary? 

7. What are the orders of magnitude of diameter, slope, speed, and capacity of 
a revolving round table? 

8. What is the action of a fabric covering on a film concentrator? 

9. State the order of magnitude of the capacity of a blanket table. 

10. Describe the concentrating action of the Humphreys spiral. IIow does 
centrifugation enter? 

11. State the general features of a trough washer. 

12. What method is used to transform a semibatch trough washer to a continuous 
type? 


13. What is the range in 
Rheolaveur? 


maximum sizes of raw coal suitable for treatment in a 


14. What kinds of feeds are normally treated in sluices? 

15. Describe common forms of riffles. 

1(V. Sketch a flowsheet, indicating the actions that occur in different parts of a 
sluice in the complete course of the concentrating operation. 

17. Describe tin: clean-up of a sluice. 

18. Name the variables at the disposal of the designer of a sluice. 

19. Discuss the conditions that favor recovery in a sluice. 

20. Name the conditions in a sluice that favor transport and disintegration and 
discuss their effects on recovery. 


Chapter 12 

SHAKING CONCENTRATORS 

Shaking concentrators are bed-type gravity-separation machines for 
treatment of relatively fine granular feeds. The beds are characteris¬ 
tically shallow, crowded, layered, and trickle-sized (see Chap. 3) within 
the layers. The machines fall naturally into two groups on the basis 
of the particle sizes to which they are adapted. Each group comprises 
a hand-operated prototype and its mechanical development. For the 
coarser sands the pair consists of the pan and the shaking table; for 
fine sands, the plaque and vanner. Each of these has several forms. 



Fig. 1. Miner’s pan and batea. 


The pan, in its relatively modern form, is shown in Fig. 1, item A. 
It is best made of stiff, light sheet iron with the rim rolled around rod 
heavy enough to prevent distortion. (It will surprise no one that the 
humble frying pan has doubled for it effectively countless times.) 

Detailed instructions for operation of a pan are given in the Appendix, 
Exp. 7, paragraphs 2 to 4 inclusive. 

Functionally the operation comprises a succession of stratifying 
steps alternating with film sizing (Chap. 11 ). The charge batch is first 
freed of pebbles by hand picking, washing the adhering sand and clay 
into the pan before rejection. Slime that will not settle is washed out, 
in preliminary part by repeatedly stirring the settled sand and pouring 
off slimy water, and in final part during the course of rejection of sand 
tailing. Gravitational separation is brought about by covering the 
residual sand charge with water, and then, gripping opposite sides of the 
pan rim with the hands and suspending the pan with the bottom sub¬ 
stantially horizontal, moving it in an elliptical path with such a com¬ 
bination of speed and amplitude that the charge loosens enough to just 
permit differential vertical movement of the grains. The proper degree 
of agitation is a matter of experience and differs with particle size. 
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Tactile measure could be had by a three-handed man through the 
fingers of the third hand, which would report ready penetration with a 
distinct sense of resistance. After a few seconds, shaking is stopped, 
and the pan is gradually tilted away from the operator while at the same 
time it is tilted alternately left and right so that a series of oppositely 
diagonal cross waves wash downwardly across the surface of the settled 
sand and carry the surface layer down and out onto the pan rim. This 
sand, if the manipulation has been correct, will be free of heavy mineral 
and is discarded. The first such washings comprise the coarser light- 
mineral particles; with successive washes the overflow-particle size 
becomes gradually finer. Eventually the residue in the pan comprises 
heavy mineral of the full size range originally present excepting that 
which would not settle out of suspension and was carried away in the 
wash water, plus the finest of the light-mineral sand. Further separa¬ 
tion involves: shaking to get this fine waste into suspension without 
similarly suspending the fine heavy mineral; permitting settlement, 
which leaves the previously suspended material on top of the residue; 
moving the surface layer, together with the coarse heavy mineral that 
moves with it, to another part of the pan by sweeping with a film of 
water; and finally working on this separated mixture by shaking hard 
enough to suspend the fine light mineral but not the coarse heavy, then 
flowing the suspension away from the sediment. 

The preceding directions refer to test work. When the pan is being 
used for commercial concentration, tailing is discarded and rough 
concentrate is collected until it can be worked in larger batches, thus 
minimizing the time-consuming clean-up operation. In either case a 
clean-up of final concentrate is usually necessary. The method depends 
upon the heavy mineral. Magnetite and other magnetic materials arc 
removed by magnets. Amalgamation is normally used thereafter to 
collect gold (see Chap. 19), or the light mineral may be blown away 
from a batch spread one-grain deep on a smooth surface. 

I he batea (Fig. 1, item li) is made of sheet iron or hardwood and is 


operated in essentially the same way as t he pan. 

A flowsheet of the successive separat ing actions in panning is shown in 

Fig- 2. 


ihe mechanism of production of a quicksand by shaking is inferable 
from the following analysis. Dilation appears to start with the top 
layer, when the shaking motion is slowly increased from a completely 
ineffective intensity to one that is partly effective. This indicates 
that it is due to differential movement between the top layer and 
that beneath it. Such motion can occur only if the frictional force 
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between the grains of the top two layers is exceeded by the inertia of the 
giains of the upper one, and if space is available for these grains to move 
horizontally and vertically with respect to the grains below. Hori¬ 
zontal space is available owing to the inclination of the side wall, and 
vertical space because of the absence of overlying solid. Because of the 
conformation of the upper surface of the second layer, any relative 
movement between first and second layers must have an upward com- 







* 
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Legend for Fig. 2 

A . scre ® n * short-handled rake, or human fingers. The discard (/) is the coarsest 
light mineral. ' ' 

2. Shaking to suspend slime. 

3. Pouring off suspended slime. The heavy mineral discarded here is that too fine 
to be saved in the operation. 

4. Shaking to settle heavy mineral out of the surface sands. 

5. \\ ashing off surface layer of sand. The discard is light mineral of progressively 

finer sizes. * & 

surface*° ntle Shak,ng t0 pcrmit the heavy-mineral bed to displace light mineral to the 

7. Swirling water around the vee of the pan to wash the surface of the settled solid 
to the opposite side of the pan bottom. 

8. Shaking the tilted pan with a small amount of water in such a way as to move the 
lighter surface material out onto and across the rim. The light mineral discarded is the 
finest sand size. The residue in the pan is the concentrate (•). 

Fig. 2. Flowsheet of a panning operation. 


ponent. The condition is analogous to that of peas placed on a hori¬ 
zontally reciprocating washboard or of corn in a popper. Once the top 
layer loosens, the second layer is freed'vertically, and so on. When 
initial shaking is more vigorous, expansion seems not to be progressive 
from the top down, but to start simultaneously throughout the depth. 
Whether this is seeming only and merely a reflection of very rapid 
downward progress ot the action, or whether the more vigorous shaking 
makes it possible to lift several layers at a time with subsequent dilation 
by settling from the bottom as in pulsion jigging, or whether some other 
mechanism enters can be resolved only by further study. It is easily 
proved that the suspension can be effected by the rotary motion alone, 
with the pan bottom supported on a horizontal surface, so that the 
necessary upward force is not a push by the pan bottom. It 00001*3 
almost equally well with dry sands, so it cannot be attributed to action 
of the fluid. Hence whatever further mechanism may enter, it must 
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be one that can result from a horizontal driving force, and which in¬ 
volves relative motion under such a force along inclined surfaces. The 
rim of the pan does not qualify as the essential surface. If it did the 
action should be greatest at the edges and substantially absent at the 
center, but the reverse is true. 

A shaking table is essentially a mechanized continuous pan. It 
consists (Fig. 3) of a roughly rectangular or rhomboidal deck A, mounted 
in a relatively flat position on supporting rockers or slides which permit 
it to reciprocate in its own plane more or less parallel to its long axis. 
Reciprocation is effected by a mechanism B which causes a more rapid 



reverse at the forward than at the backward end of the stroke. The 
deck is riffled variously according to a general pattern of substantial 
parallelism of riffles to the direction of motion. The riffle cleats increase 
in height from the higher edge (feed side) of the deck to the lower 
(tailing side); they decrease in height from the mechanism end toward 
the concentrate end. There is normally a definite change in the contour 
of the surface along a line running diagonally from a point between the 
first and third quarter points from the mechanism end along the feed 
side to a point near the lower corner of the concentrate end. Variation 
in tilt is an operating adjustment. Reciprocation is normally at a 
frequency in the range of 200 to 300 strokes per min. with corresponding 
amplitudes of 1 to ]X 2 in. Feed, introduced at about 25% solids by 
weight through the feed box, is distributed along C; wash water is dis¬ 
tributed along the balance of the feed side from launder D 

A flowsheet diagramming the varied actions that occur simultaneously 
on the table deck as the feed stream is progressively broken up into its 
size and density components is shown in Fig. 4, and the locations in 
which the various actions occur are shown in Fig 5 

Gomparison of the flowsheet of the shaking table with that of the pan 
(Fig. 2) shows that coarse screening (Fig. 2, item 1) is absent on the 
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table, because the screening in a mill has already eliminated coarse 
material as unsuitable for table treatment. Items 1, 6 and 7 of Fig. 4 
are equivalent in function, time, and essentially in mechanism to those 
of 2 and 3 of Fig. 2. Items 2 and 3 of Fig. 4 are similarly equivalent to 
4 and 5 of Fig. 2, with the superficial difference that the stratification 



Legend for Fig. 4 

in T nh n S in F |S- 4 refer to correspondingly numbered areas 

!, . T , method of denoting flow in Fig. 4 is explained in Chap 24 

, a P . P V C °T pris i" E normally about 90% of water by volume, is subjected to 
rough desliming by the sedimentation of sand in the riffles while slime flows on downslope. 

nl fUTS T e re A a,n !i d l *?*!? for^s » quicksand by the same mechanism as in the 
i? P ‘ “ 23 c- I ^ 4 th,s d,latc d bed differential sedimentation according to particle 
fn H ;m! UrS- .^multancously trickle sizing starts. Rearrangement of the sand particles 
in the riffles, as idealized in Fig. G is to a considerable extent completed in this area. 
n( *• Deslimed sand from (1). guided by the riffle cleats, is moved into this area by reason 
of the differential shake of the table deck. The bed as a whole moves with the deck on 
the slow y accelerated forward stroke, but is unable to accelerate with the deck in the 
reverse direction on the backward stroke. The action and effect arc analogous to those 
when a flat body, say a coin, supported on a book, is moved by reciprocating the book in 
its plane with one hand and humping it against the heel of the other hand. Density 
and size stratification are carried further here. Here also, because of the progressive 
decrease in height of riffle cleats from right to left through the area and the resultant re¬ 
moval of mechanical support the cross flow of water washes off the top laver of the bed 
in the riffles. Since this top layer is the coarsest fraction of light mineral, the separation 

is essentially sizing and is so denoted by symbol 2 in Fig. 4. The enriched residue moves 
out onto (5). 

3. The main stream of sand from (2). denuded of the bulk of heavy mineral, is scavenged 
t r ( ir ccov .<! r PV re heavy mineral and locked middling that may have washed down from 

( 2). I he action is rest ratification by the mechanisms used in (1). followed by a repetition 

of the sizing action utilized m (2). The coarsest part of the light mineral is discharged 

at the position indicated in 1-ig. 5, and the fact of discard of a finished tailing is denoted 
by the sign 9 in Iig. 4. 

4. This is the so-called middling corner of the table. It is fed with the enriched residue 
from (•*) and with impoverished material from the concentrate streak (5). This mixture 
it rest ratifies and resizes, discharging along the table periphery (see Fig. 5) a product 
comprising the coarsest grains of free heavy mineral, a long-range coarsest fraction of 
locked middling, and the finest gangue sands. It returns the finer grains of free heavy 
mineral and of locked middling along the riffles to (5). 

6. This is the cleaning plane, consisting of the unriffled deck surface beyond the ends 
of the riffles. Its purpose is to clean the rough concentrate made on the riffled portion 
of the deck. Essentially it is a shaking buddle (sec Chap. 11). Fine gangue and locked 
middling grains are washed down by the water flow into (2) and (4), and the final con¬ 
centrate is moved by the differential shake over the end of the table. 

6. This area constitutes a second desliming zone which catches the coarser part of the 
sands discharged downslope from an overcrowded zone (1) and sends them to (3). 

7. This is the final desliming zone. It catches the finest sands and moves them back 
into (G). Suspended shines flow off the edge of the deck (see Fig. 5). The slimes are nor¬ 
mally enriched by comparison with the feed owing to the tendency of the heavier minerals, 
particularly the sulphides, to break preferentially in crushing and grinding. 

Fig. 4. Flowsheet of a shaking table. 
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in the pan is not so rapid or complete as that on the table (Fig. 6) owing 
to the greater depth of bed in the pan and the less effective shaking. 
Item 5 of Fig. 4 is the substantial equivalent of C, 7 and 8 of Fig. 2 taken 
together. 1 he riffle cleat is, of course, lacking in the pan, but by keeping 
the pan rim tilted back slightly against the overflowing suspension the 
same kind of barrier to overflowing coarse mineral is erected. 



It is interesting to trace in the pan and shaking table the exchange 
of space for time that characterizes all changes from batch to continuous 
operation. The working area of the pan is about 1.75 sq. ft., whereas 
the available area of the usual table is about 04 sq. ft. (4 X 16 ft.). 
Initial bed depth in the pan is \y 2 to 2y in.; on the table about % to 
]/ 2 in. The sand-working area of the table is roughly a rhomboid whose 
length along the deck is that of the upper riffle and whose height is the 



Fig. 6. Ideal stratification in a riffle on a shaking table. 


deck width. The average depth of bed is about y 2 in., giving a bed 

volume of about 2,700 ou. in. Taking mean density about 1.7 and a 

weight fraction of 0.0 gives about 100 lb. of solid under treatment at L 

time. The initial charge in a pan with similar feed would be about 

10 to 15 lb. The treatment time in the pan for a skillful worker is 

5 to 10 mm. per load, say, 1 to 3 min. per lb. An average treatment 

tune on the table for the same material would be 0.07 min per lb 

Thus the table does the job from 14 to 40 times as rapidly as t he pan and 

requires about 35 times the separating area and about 10 times the 
separating volume. 
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The distinguishing features of shaking concentration are differential 
sedimentation according to specific gravity in a quicksand maintained 
by agitation without definite upward fluid currents, and differential 
sti atification according to size. They should be considered separately. 
The former is the essential action in both manual and mechanical em¬ 
bodiments; the latter is somewhat of a disadvantage in panning because 
of the difficulties in separating fine gangue from long-range concentrate, 
but in tabling it aids materially by keeping the fine concentrate out of 

range of the wash water until the bulk of the tailing and middling has 
been removed. 

d he mechanism of the differential gravitational sedimentation cannot 
be definitely asserted on the evidence available. With a comfortable 
concentration criterion (< 2.5) stratification of the sands according to 
specific gravity is largely complete in the riffles within a few inches of 
the feed box. Hence this zone and what happens there are critical in 
the analysis. The postulate that the quicksand here is the equivalent 
of a sink-float suspension is untenable because particles of gangue larger 
than the normal table-feed particles will sink in it. A postulate of 
effective rising currents of water in the lee of the riffles is likewise un¬ 
tenable because even on the slime section of the table, where eddies in the 
riffles are strongest, they are unable to lift gangue sands. Trickle 
sizing, which is apparent throughout the riffled portion of the table, also 
nullifies the rising-water hypothesis of mechanism. 

A postulate that the action is a combination of the crowding that 
takes place during the compaction part of a jig cycle and the hold-back 
of fines on buddies seems to be consonant with the available facts. It 
follows from the analysis of the mechanism of quicksand production by 
shaking (p. 223) that with each effective suspending shake, vertically 
adjacent sand layers arc separated by the overmastering mechanical 
force transmitted to them from the shaking means. Immediately there¬ 
after compaction by settling through the statistically still interstitial 
water begins. Now, the specifically heavier particles of a given coarser 
size arrive on the average at the holes in the underlying layer earlier 
than their lighter neighbors do and occupy the holes, thus crowding out 
these neighbors and displacing them upward. 

During the dilation part of the shake cycle the fine particles as a class 
are not lilted as often or as far as their coarser neighbors owing to their 
difficulties in surmounting the inequalities in their way—the roller-skate 
and bicycle analogy (p. 209). They thereby gain downwardly with 
respect to their coarser neighbors of the same density, whereas relatively 
to neighbors of the same size the heavier gain downwardly over the 
lighter by crowding as above. 
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The relative reluctance of the finer particles to rise on dilation is un¬ 
doubtedly one element of trickle sizing. This phenomenon is further 
dependent on the fact that during compaction the finer particles retain 
mobility through the interstices of the coarser after the latter have 
locked in contact (trickling). 

There have been almost as many forms and combinations of deck, 
deck covering, riffling, and shake as there have been inventive-minded 
mechanics and operators around the mills since 1893, when the Wilfley 
table was first put on the market. This table was characterized by a 
substantially rectangular plane deck, 4 ft. on the slope by about 10 ft. 
long, covered with heavy linoleum, fitted with soft-pine riffle cleats 
terminating with feather edges along a diagonal from the discharge 
corner to a short distance ahead of the feed box. It was actuated by an 
eccentric-driven toggle arranged for variation in stroke length. There 
has been no essential change in the interim. The framework is more 
rigid, the head motion more sturdy, and double-deck forms have been 
introduced. 

Possibly the most striking modification introduced was the diagonal 
deck. The sand load on any rectangular deck table occupies a diagonal 
band from feed corner to discharge corner. This is the inevitable 
result of the forces that act on the particles and occurs with or without 
riffles. One inventor, recognizing patentability and stiles appeal, 
therefore cut off the slime corner and the cleaning plane, leaving only 
that part that works the sand load. 

Pools, plateaux, and changes in riffle direction have been built along 
the diagonal line; glass, rubber, wood, and cement—and probably 
plastic—have been used for surfaces, riffled shallow and fine to coarse 
and deep with cleats straight, curved, or angled up- or downslope; but 
basic action is always the same and performance differences largely a 
matter of imagination. 


A shaking table is most effective in separating fine heavy mineral 
from coarse light mineral, as is shown by the particle-distribution pattern 
in I' ig. 5. Hence it is preferably fed a classified product, which has 
this size distribution. However, the table is an excellent sand-slime 
separator and makes such a separation with little or no dilution of 
slimes. Yet again, when riffled full length, it performs a selective 
size-gravity separation on sands, discarding the coarse light-mineral 
particles and recovering a mixture of long-range heavy mineral and 
ight mineral of fine intermediate size. Thus, when a full-riffled table 
is given a < 10-mesh natural feed of an ore with a concentration criterion 
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of 2.5 or greater, it will separate the slime at about 10 to 15% solids, 
make a tailing discardable by gravity-concentration standards—but 
probably not by flotation standards—and deliver the major part of the 
heavy mineral recoverable by gravity methods in a relatively high-grade 
rough concentrate, all at the rate of about 200 ~ 250 t.p.d. per deck 
foi an expenditure of not over 1 hp. and a negligible labor and main¬ 
tenance cost. The rough concentrate should then be classified and^the 
spigot products treated on tables with cleaning planes. (The first- 
spigot product will probably clean better on a jig.) Capacities in 
cleaning service range from 50 t.p.d. per deck on the coarser products 
to 10 or 15 tons on the finer. 



The air table is a shaking table in which air blown through a porous 
riffled deck coacts wit h the shaking to fluidify a layer of dry solid moved 
lengthwise of the deck by a quick-return shake. The elements of a 
modem form of table are indicated in Fig. 7. The deck is gabled some¬ 
what on the center line, Piffling is angled 10 to 15° to the parallel sides. 

1 he semifluid mass on the deck stratifies and flows downslope and toward 
the vee end with the lower heavier stratum led away from the edge by 
the riffle cleats. \\ ith coal, refuse discharges from the clear space and a 
short section of the riffling at the vee end. Middling discharge adjoins 
this. Clean coal discharges along the balance of the side. Proportions 
of the streams are roughly as indicated. Feed may be 2 in. limiting. 
Dust control is a major factor. 


No gravity concentrator for slimes has been devised that will make 
either high-grade concentrate or a tailing satisfactory by flotation 
standards. The vanner is the shaking-type concentrator that was used 
for slime concentration before flotation. The vanning plaque is its 
prototype. 
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The vanning plaque has the shape of a shallow segmental cut from a 
hollow sphere. It is made of enameled iron and is usually 12- to 18-in. 
diam. and % to 1 in. deep. Its principal use is for quick testing of slime 
tailing. Operation comprises essentially stratification in a shaken bed, 
selective horizontal movement of the strata to place a rough concentrate 
and an unfinished tailing at somewhat separated areas on the plaque 
surface, film sizing of both products simultaneously, and removal of 
finished concentrate and tailing at opposite ends of a diameter. This 
sequence is repeated a number of times on a given batch of feed, each 
time removing fractions of the final products. Detailed procedure is 
given in Exp. 7, item 11B, Appendix. 

The separation of strata by bumping the edge of the plaque was done 
mechanically in the early shaking tables (bumping tables) that preceded 
the Wilfley. These had unriflled decks suspended on chains. They 
were driven by an eccentric and stopped at the end of the forward 
stroke by bumping against a heavy block. The other method of 
separating strata involves dropping the supporting surface from beneath 
the heavy-mineral layer while this is moving in a given direction, revers¬ 
ing the direction of the support, and bringing it up again to catch the 
falling mineral at a point removed from the one it left. At the same 
time the lighter mineral, in suspension in the main body of water, 
follows the low point of the plaque and maintains no upslope advance. 



Fig. 8. Elements of a vanner. 


The vanner (Fig. 8) is a continuous concentrator of the shaking type 
m which rough concentrate is transferred to a cleaning zone by moving 
the surface on which the concentrate rests bodily and continuously from 
underneath the roughing zone into a higher position where film'sizing 
sweeps middling directly back to the roughing zone. The elements of 
the apparatus are: (1) an endless rubber belt a, 4 to 0 ft. wide with 
side walls b about \ '/ 2 in. high; (2) support rollers c of which c, is the 
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drive roller, c 4 a dipping roller to lead the belt into a trough of water 
for collection of concentrate, and c 5 one of a number of similar small 
rollers spaced to keep the upper surface plane; (3) a framework on 
which a 1 rollers are mounted and which is itself supported so that it 
can be shaken through a small amplitude; (4) a feed sole d attached to 
the shaking frame; (5) a stationary wash-water box e from which water 
falls in low-velocity streams; (6) a tailing box /; (7) a concentrate 
box and a spray pipe h to wash adhering concentrate into g. Slope 
of the upper run of the belt is fixed for a given machine and ranges from 
^ to 3 in. per ft. according to the service. Belt speed is adjustable 
and ranges from about 30 to 150 in. per min. Frequency of shake 
ranges from 120 to 240 per min. Amplitude is adjustable and ranges 
normally between % and 1^ in. Belts are smooth for fine feeds and 
transversely finely corrugated for sands. 

In operation shake and belt speed are so adjusted to slope and feed- 
pulp density that a shake-produced suspension is maintained in slow 
average motion downslope. Heavy mineral which settles on the belt is 
dragged up beyond the feed box and there meets a film of wash water 
flowing downslope. Action here is substantially pure film concentration 
unaffected by the shake. 

Feed pioperly should be that which cannot be held on a shaking table, 
which limits it to fine sands and slimes, but in the heyday of vanner 
use sands up to 10-mesh maximum were treated on corrugated belts. 

apacity in normal service on pulps with a concentration criterion 
of 2.5 upwards is about 1 ton per 24 hr. per ft. of belt width. 

Shaking concentrators, like film concentrators, are used today for 

ores only on feeds which are, for one reason or another, not susceptible 
to flotation. 


Review questions 

1. Define: gold pan; baton; Wilfley table; concentration criterion; bumping 
table; vanning plaque; vanner; air table. 

2. State in sequence the steps to be taken in operation of a miner’s pan. 

3. Subdivide the steps of R.Q. 2 into flowsheet form. 

4. Describe the forces acting in each item of the flowsheet of R.Q. 3 and their 
resultant effects. 

5. Similarly subdivide and describe the action of (a) a vanning plaque; (6) a 
vanner. 

6. What is the normal range of frequency and length of stroke of a Wilfley table? 
Of a vanner? 

7. What is the characteristic of a shaking-table head motion? How can the 
same effect be obtained using a simple eccentric for reciprocation? 
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8. Discuss the relation between riffle height on a shaking table and (a) feed- 
particle size; (6) concentration criterion. 

9. How should feed be prepared for a shaking table? Why? 

10. What are the fields of the shaking table and vanner in present-day concentra¬ 
tion? 

fll. Analyze the forces acting on the particles in each of the numbered areas of 
Fig. 5. 

tl2. What are the functions of rollers a and c 3 of Fig. 8? 


Chapter 13 

ORGANIC CHEMICALS IN FLOTATION 

“Our greatest cause for fear is fear itself." Unknoum Ghost. 

Organic chemicals are the vitamins of flotation. Present normally 
in quantities so small as to be readily identifiable only by their effects 
on surface behavior, their presence in proper kind and quantity is a 
causative essential to the operation. By the same token, knowledge of 
their functions and of the way in which these are performed is a sine 
qua non to proper control. Such knowledge requires an acquaintance 
with the chemicals but does not involve any consideration of the mecha¬ 
nisms of organic reactions. This chapter presents the characteristics 
of that necessary acquaintance as limited by its title; it is in no way to 
be considered a textbook of organic chemistry. 

Oiganic chemicals are used in flotation for two principal purposes: 
to prepare certain of the mineral species in an ore pulp for attachment 
to gas bubbles, and to impart stability to the bubble films. The first 
purpose is normally achieved by means of an ionic reaction, the nature 
of which is entirely independent of whether the reagent is organic or 
inoiganic. T. his is t o say that the rules of ionic chemical reaction, as 
taught in couises in general, analytic, and physical chemistry, control. 
Froth stabilization is a phenomenon of surface tension; it involves no 
chemical reaction. 

But both these flotation functions are profoundly affected by the 
chemical nature of the reagents, and this is determined in turn by 
the kind and arrangement of the atoms composing them. Hence the 
relation between these characteristics of organic chemicals and the 
behavior of the compounds in flotation requires careful study. 

dhe prerequisites to such study are: (a) knowledge of the elements 
of organic-chemical nomenclature; ( b ) realization of the elementary 
significances of structural formulas; (c) acquaintance with the possi¬ 
bilities of organic synthesis; (cl) appreciation of the effects of certain 
groups of elements on the chemical and physical behavior of compounds 
containing them. 

Organic chemicals are the compounds of carbon. More than 300,000 
of them have been identified. In the preponderant majority of them 
carbon is combined with one or more of the elements hydrogen, oxygen, 
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nitrogen, and sulphur. Unclassified they constitute a bewildering 
array. But systematic arrangement produces a relatively small number 
of major groups within which patterns of variation common to all are 
repeated over and over. The flotation operator is concerned with only 
a few classes: primarily certain acids, nitrogen bases (analogues of 
ammonia), hydroxy (—OH) compounds, and, underlying all, com¬ 
pounds of carbon with hydrogen (hydrocarbons). 

The hydrocarbons are the foundation upon which all systematic 
classification of organic chemicals is built. They number well into the 
thousands. Yet all, theoretically at least and to a considerable extent 
as a matter of experimental fact, are derivatives of the simplest member 
of the group—marsh gas or methane, CH 4 . This idea of derivation 
should be kept ever in mind in the following development of nomen¬ 
clature. 

The structural formula for methane is 

H 

I 

H—C—H 

I 

H 

The concept underlying this formula is that any atom may be represented 
spatially by a combination of two kinds of symbols: its chemical letter 
symbol denoting its nucleus and the surrounding non valence electrons, 
and one line radiating from the letter symbol to denote each valence 
electron. Thus the symbol for hydrogen with one valence electron is 

I 

II—, and that for carbon with four valence electrons is —C—. Com- 

I 

bination of elements is denoted by joining their valence-electron lines 
to make a single line connecting their letter symbols. Each such junc¬ 
ture denotes a “chemical bond,” i.e., an attractive force between the 
atoms as a whole owing to interactions between a pair of electrons, one 
statistically from each atom, and the electrical force fields of the atomic 
nuclei. 

By suitable synthetic procedures molecules of methane may be made 
to react with each other to form, among other products, ethane: 

II H 

I I 

II—C— C—II 

I I 

II II 
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Further synthesis will produce propane: 

H H H 

I I I 

H—C—C—C—H 

I I I 

H H H 

and so on through a series of compounds of similar chain-like structure 
until, probably, a limit is reached somewhere. In all of them the 
relation between the number n H of hydrogen atoms and the number nc 
of carbon atoms is given by the equation n H = 2 nc + 2. 

A group such as this in which each member differs from its predecessor 

H 

u . I 

by an increment constant in kind, magnitude, and structure, —C— in 

I 

, H 

the present instance, is called an homologous series, and the individual 

members are called homologues. This particular series bears the alter¬ 
native designations: paraffin and alkane. 

In butane, the fourth member of the alkane series, another charac¬ 
teristic of organic chemicals is met. There are two compounds of the 
molecular composition C-iHxq. One, called normal butane, has the 
straight-chain structure of the earlier members: 


H H H H 



H H H H 

the other, isobutane, has a branched-chain structure thus: 


H H H 

I I I 


H—C 


H 


H 


II—C—II 

I 

H 


Such compounds are called isomers and the phenomenon, isomerism. 
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Isomers differ appreciably but usually not markedly in physical proper¬ 
ties; they may exhibit marked differences in chemical behavior. Their 
number for any compound increases with the number and variety of the 
atoms which it contains: pentane, C 5 H 12) has three; hexane, CgHi 4 , 
five; heptane, C 7 H 16 , nine; over 100,000 are theoretically possible for 
eicosane, C 20 H 42 ; and over 100 million for the C 30 group. 

The scientific names of the individual alkanes are combinations of a 
root designating the number of carbon atoms and the suffix -ane, which 
designates the paraffin series, characterized by the fact that the members 
are chemically saturated, i.e., that no change can be effected in them 
by addition. 

The first four roots, meth-, eth-, prop-, and but-, are from the common 
names of the corresponding alcohols or carboxylic acids (see pp. 240 
and 243), which were so firmly rooted in the literature that the naming 
convention decided against attempting to displace them. The remaining 
roots are anglicizations of the corresponding Greek numerals, beginning 
with pent- (five), and then in order hex-, hept-, oct-, non-, dec-, undec-, 
dodec-, tetradec- (14), hexadec- (16), and octadec- (18). (The odd- 
numbered teens are omitted here because of their rarity, flowing from 
rarity in natural products. The listing stops at Cjg because derivatives 
of higher members are not used in flotation. For further detail as to 
names see a textbook of organic chemistry or Handbook of Chemistry 
and Physics.) 

Radicals (residues after removal of a substitutable hydrogen) of any 
alkane are named by adding the suffix -yl to the root designation, thus 
methyl, hexyl, etc. 

Branehed-chain isomers are named as alkyl derivatives of the longest 
straight-chain compound that can be traced from the structural formula 
of the isomer; thus isobutane could be called methylpropane, without 
designation of the location of the branch since only one location is 
possible. But the following isomeric heptane: 


H H H H H H 

I I I 

11 Ci C 2 C 3 —C 4 —C 5 —Cg—H 


II 


II II H II 


II—C—II 


H 


requires that the branch be located since it might be at any one of the 
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four interior carbons (2,3,4,5). Hence the form shown is 2-methyl- 
hexane and the other methylhexane isomer is 3-methylhexane. (Note 
that 4-methylhexane is the same as 3-methylhexane, and 5-methyl- the 
same as 2-methyl-.) 

The alkene or mono-olefin series parallels the alkane series in all but 
the first member of the latter, but its composition equation is n H = 2n c . 
Thus 


but 


H H 


Ethene or ethylene 


1 

a 


2 

0 


H H H 


H— C=C —C—H 


H 

Propene or propylene 


H H 

1 | 



H H H 

i i i 

H 

1 

1 1 
C—C— 

-H 

and 

1 

H—C—C=C- 

1 

-C— 

i i 



l 1 2 

i 

i i 



1 « & 

1 

H H 



H 

H 

-butylene 



2-Butene or 0-butylene 


H 

i 


H 

i 


H- 

1 

-C- 

1 

-C= 

i 

1 

=C—H 



1 

H 

1 

H—C- 

-H 



H 

2-Methyl propene or ^-butylene or isobutylene 


The second names in each case arc the older, which preceded the name 
convention. 

The characteristic structural feature of this series is the double bond 
between two of the adjacent carbon atoms, implying that four valence 
electrons take part in the linkage. The experimental fact underlying 
this implication is that additions can be made to the molecule at this 
point. It is, therefore, called an unsaturated bond in contradistinction 
to the saturated bonds of the paraffin series. The characteristic name 
ending -ene denotes this unsaturated character. The double bond 
introduces further possibilities for isomers based on its position. 

The paraffins and olefines are grouped together as aliphatics from the 
fact that many of their derivatives are found in animal and vegetable 
fats and oils in nature. 
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The aromatic hydrocarbons are characterized by a six-membered 
carbon ring in contradistinction to the chain structure of the aliphatics. 
The simplest member is benzene, C 6 H 6 , 

H H 

I I 

C—C 

X X 

H—C C—H 

\ / 

c=c 

I I 

H H 

often abbreviated in its derivatives to 

<“> 


Higher members of this series are 

and 

Napthalene 

These hydrocarbons and their derivatives comprise a large part, of the 
tars formed in destructive distillation of wood and coal. They bear the 
general designation aryl in contradistinction to alkyl for aliphatics. 

The naphthenes, also called alicyclics or polymethylenes, form a large 
part of some petroleums. They are characterized by hydrocarbon rings 
ranging upward from three carbon atoms in number, the most stable and 
consequently the most common being the five- and six-membered. 
Both the saturated (cycloalkanes) and unsaturated (cycloalkenes) 
occur, both as natural constituents of petroleum and as cracked products. 
The cycloalkanes (mi = 2«c) are isomeric with the alkcncs and the 
cycloalkenes with the alkynes (mi = 2n<j — 2), of which acetylene: 

H—CsC—H 

is the lowest member. 

The hydrocarbons arc not particularly important as flotation reagents 
nowadays. But they are important to the student of reagents because 
they are his starting material. Paradoxically, once learned they can be 
forgotten because it is their derivatives that are important. But what 
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the student should get clearly in mind about them is that, starting with, 
say, n-octane, it can be halved, doubled, or otherwise diminished or 
increased in length; it can be branched or unsaturated or both; it can 
be turned into a ring compound or an alicyclic; and it or one of its 
hydrocarbon derivatives can be trimmed up like a Christmas tree, 
randomly or orderly, with substituents containing oxygen, nitrogen,' 
and/or sulphur in various proportions and arrangements, each addition 
or subtraction changing its properties in various ways to a large or to a 
small extent, depending on the nature of the change. 

Organic acids and their salts are used in flotation to bring about selec¬ 
tive bubble attachment to particular mineral species. Such service is 
called collection and the reagents collectors. The collector first used 
was oleic acid, Ci8H 34 0 2 . It is obtained commercially by decomposition 
of animal fat by steam, but it is considered to be a derivative of 9-octa- 
decene through controlled selective oxidation of a terminal carbon, 
producing on this carbon the group 

—C—O—H 

II 

O 

which ionizes in water by breaking the O—H bond. The group —COOII 
is called the carboxyl group, and compounds containing it are called 
carboxylic acids. If R represents any hydrocarbon radical, RCOOH 
becomes the type form for such an acid. When R is a radical of an 
aliphatic hydrocarbon, the acid is known as a fatty acid, saturated or 
unsaturated according to the nature of the hydrocarbon in this respect. 
Both saturated and unsaturated acids form homologous series. The 
saturated series contains the familiar acetic acid: 

H 

I 

H—C—C—O—H 

I II 

H O 

and several of the higher acids of the series are used in flotation practice 
and/or research. The more important, with designations of the states 
at N.T.P. and estimates of their water solubility, are given in Table 1. 

The effect on physical properties of the change of the terminal groups 
of the hydrocarbons to —COOII becomes apparent on comparing water 
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solubilities and physical states of the corresponding compounds. All 
the hydrocarbons are substantially insoluble in water; the lower acids 
are infinitely soluble and the higher have trace solubility, i.e., enough 
to permit reaction with low concentrations of suitable bases. All the 
corresponding hydrocarbons above ethane with the exception of octa- 
decane are liquids, whereas the corresponding acids have much higher 
melting points. The hydrocarbons are nonpolar and substantially non¬ 
reactive in suspensions in aqueous solutions; the acids are strongly polar 

and react readily with both organic and inorganic bases in aqueous 
solutions. 


Table 1. Normal fatty acids 


Carbon 

Systematic 

Common 

Rated Solubility 

State y 

A toms 

Na me 

Name 

in Water , p.p.m.* 

N.T.P. 

1 

Methanoic 

Formic 

Inf. 

1 . 

2 

Ethanoic 

Acetic 

a 

1 . 

7 

Heptanoic 

Oenanthic 

2,410 

1 . 

10 

Decanoic 

Capric 

sl.s. 

l.-s. 

12 

Dodecanoic 

Laurie 

• 

s. 

14 

Tctradecanoic 

Myristic 

• 

l. 

s. 

16 

Hcxadecanoic 

Palmitic 

• 

l. 

s. 

17 

Heptadecanoic 

Margaric 

• 

l. 

s. 

18 

Octadccanoic 

Stearic 

• 

l. 

s. 

18 

Octadecenoic 

Oleic 

• 

i. 

8. 


•Those are the solubility ratings normally given in chemical tables. Trace 
solubilities for all of those rated “i." are proved by their behavior in flotation (see 
Chap. 14). 


The reaction between a fatty acid and an inorganic base produces a 
salt and water in a fashion entirely analogous to that between an in¬ 
organic acid and a base. Thus 


Cl-H _+ OHjNa 
It-COOTf +" OHiNa 


NaCl + II 2 0 
R-COONa + II 2 0 


I he salt formed when the fatty acid is one of those in the lower half of 
fable 1 is called a soap. The alkali soaps are relatively soluble in 
water; those of the alkaline earths and heavy metals are relatively 

insoluble. 

S 

li 

1 he dithiocarbonic acid radical, —O—C—S—H, formed around the 
terminal carbon of an alkane changes the hydrocarbon to a xanthic acid, 
ItOCSSII. '[ be; .salts of the xanthic acids in which R ranges from ethyl 
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to hexyl are the collectors most widely used for heavy-metal sulphides. 

S 

\ y 

The divalent dithiophosphoric acid radical, P , forming with 

X \ 

SH 

hydroxyl residues the acid (RO) 2 PSSH, supplies the Aerofloat collectors 
which are the principal competitors of the xanthates. The hydrocarbon 
radicals commonly used are cresyl, ethyl, propyl, or butyl. 

Other acidic groups which, with suitable hydrocarbon loading, have 

—N 


collecting properties for the heavy metals are thiourea, 





—H; 


■N 


H 


dithiocarbamate, —N—C—S— H; and mercaptan, 


H S 


An amine is the compound formed when one of the hydrogens of a 

H 

/ 

hydrocarbon is replaced by an amino group, —N . From another 

\ 

H 

viewpoint an amine is a derivative of ammonia in which one or more of 
the hydrogens has been replaced by a hydrocarbon radical. If only one 
such replacement is made, the amine is called primary; if two, secondary; 
if three, tertiary. In multiple replacement the hydrocarbon radicals 
may be the same or different. The substitution of the amine group into 
the hydrocarbon raises both melting and boiling points and increases 
water solubility just as was true of the acid groups. 

The amines react with acids in the same way that ammonia does to 
form salts. Thus 

NH 3 + HC1 -> NH 4 C1 
RNH 2 4- HC1 —» RNH 3 CI 
R 3 N 4- HC1 —» R 3 NHC1 

Reaction of a tertiary amine with an organic halide (e.g., C 2 H 5 C1) 
produces a so-called tetrammonium salt. Thus 

RR'R"N 4- R"'C1 —► RR'R"R'"C1 
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The amines are collectors for certain heavy metals and heavy-metal 
sulphides; the amine and tetrammonium salts are used as collectors for 
silica and silicate minerals and for certain other nonmetallic minerals. 


The compounds formed by introducing the hydroxyl group —OH into 
a hydrocarbon have the general formula ROH and are called alcohols 
if the hydrocarbon is aliphatic or alicyclic, and phenols if the hydrocarbon 
is aromatic. The effects of such introduction on melting and boiling 
points, on water solubility, and on chemical reactivity are in the same 
direction as with the acidic and amino groups. 


The hydroxy compounds are important in flotation because they 
furnish the principal frothing agents. The most important of these are 
the aliphatic alcohols in the range C 7 to C 14 , the hydroaromatic alcohols 
such as terpineol, 

H H 2 H 

I I I 

C—C II—G—H 

X \ I 

-C—O—H 

I 

H—C—H 

I 

H 

which are found in steam-distilled pine oil, and the cresols 


\ /1 

C—C H 

I I 
h 2 ii 2 


CII 3 

1 

ch 3 

1 

CII 3 

1 

1 

c 

1 

c 

1 

c 

/ X 

X X 

/ X 

H—C C—OH 

H—C C—II 

H—C C—II 

ll 1 

H—C C—II 

H—C C—OH 

II 1 

II—C C—II 

\ / 

\ X 

X X 

C 

I 

C 

c 

1 

1 

H 

II 

1 

OH 

ortho-Crcsol 

meta- Cresol 

para -Cresol 


which normally occur as a mixture in one of the lighter fractions obtained 
by distillation of coal tar. 
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The learning required from this chapter is primarily such complete 
memorization that mental visualization of the meanings of the terms 
and of the type structural formulas of the compounds is substantially 
immediate. Only thus can the significance of the discussions of collec¬ 
tion, conditioning, and frothing in subsequent chapters be assimilated. 
For ordinary flotation purposes the understanding gained need only be 
sufficient to enable intelligent use of textbooks of organic chemistry 
or determining the structural formulas of organic compounds from their 
names, and sufficient recognition of the effects of substituents on the 
properties of compounds generally to promote intelligent guesswork as 
to the possible utility of a given compound in flotation. 

Review questions 

1. Define: organic chemistry; hydrocarbon; chemical bond; homologous series; 
paraffin isomer, straight-chain; saturated hydrocarbon; ethyl; olefin; double 
bond, aliphatic, aromatic; naphthene; organic acid; carboxyl group; fatty acid; 
soap, Aerofioat; a tetrammomum salt; alcohol; phenol; alkylene. 

2. Write structural formulas for: methane; ethane; propane; n-butane; iso- 

butane; ethylene; 2-butene; 2-methylpropene; 9-octadecene; benzene; naphthalene; 
oleic acid; cyclopentane; octadecyl trimethyl ammonium bromide; amyl alcohol; 
para-cresol; laurylamine. J 1 

3. Name the elements that commonly combine with carbon 

4. What class of compounds forms the basis for systematic naming of organic 

compounds generally? * 

5. What are the two bases of structural formulas? 

6. Write the equation showing the relation between the numbers of carbon and 
hydrogen atoms in an alkane; alkene; alkvne; cycloalkane; cycloalkene. 

7. W rite the structural formulas and give the names of the isomers of C 6 Hi 4 . 

8. Name three implications of a double bond. 

9. Wnte the structural formulas for and name the isomers of n-heptene. 

10. W hat are the principal natural sources of hydrocarbons? 

11. What kinds of hydrocarbons are found in coal and wood tars’ 

12. What is the group designation of the derivatives of aromatic hydrocarbons? 

Of parafnn hydrocarbons? 

13. How do the melting and boiling points and water solubilities of the hydro¬ 
carbon derivatives containing O-, N-, or S-carrying groups compare with those of 
the parent hydrocarbons? 

14. To what extent are hydrocarbons generally soluble in water? 

15. Which soaps are generally soluble and which insoluble in water’ 

16. Write the structural formulas for the following groups: methyl; isobutyl; 
carboxyl; dithiocarbonic; hydroxyl; ditliiophosphoric; thiourea; mercaptyl; amino; 
dithiocarbamic; naphthyl; phenyl. 

17. What is meant by the terms primary, secondary, and tertiary as applied to 
amines? 

18. IIow do amines react with acids? 

19. What do the parts liept- and -ane, respectively, denote in the name heptane? 

Write the molecular formula for decane. Sketch the carbon-atom arrangements for 
three isomers of pentane. 
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20. Write structural formulas for the three isomers of cresylic acid. 

21. Write structural formulas for n-butylamine; phenylamine ( anilin e); methyl- 
ethylamine; trimethylamine; amyl (pentyl) amine. In each case designate whether 
the amine is primary, secondary, or tertiary. 
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Chapter 14 
FLOTATION I: 

SELECTION I—COLLECTION 

Flotation is a process for rendering a mixture of finely ground minerals 
susceptible to gravitational separation. This is done by causing 
selective attachment of gas bubbles to one mineral species while the 
mixture is submerged in water. The true—although not always the 
apparent—separating zone is the place where the bubble attachment 
occurs. The basic separating force arises from differences in fluid- 
solid interfacial energies, commonly but erroneously called surface 
tension. The forces that come into play subsequently to effect the 
relatively large, visible particle displacements that lead to final separa¬ 
tion are gravity and fluid resistance, opposed on vertical action lines. 
These are supplemented in some cases by mechanical forces acting 
substantially horizontally. 

Flotation is at once the most modern, the most efficient, the most 
widely applicable, and in many respects the most complex of all methods 
of concentration. It is a technical application of a discovery which, 
in fact, postdated it: that in a system of clean components air bubbles 
in water stick to hydrocarbon minerals and to no others. The flotation 
invention was that hydrocarbon-like surfaces can be produced selectively 
on nonhydrocarbon minerals. 

Theoretically there is no limit to the number of different kinds of 
minerals that can be separated by flotation from a pulp containing them. 
Flotation of lead, zinc, and iron sulphides consecutively from a residual 
nonmetallic tailing is common (a four-mineral separation). Copper 
sulphide, if present in such a mixture, can be separated also. Fluorite 
is floated readily from silica after separate removal of lead, zinc, and 
iron sulphides. 

A simple two-mineral separation, say of galena from a siliceous 
gangue, offers a good example on which to base a functional analysis 
of the process. The operative steps in order are: (1) Grind in water, 
usually to 48- or 65-mesh unless a finer grind is needed for liberation; 
pH would probably be adjusted to 8 ~ 9 by addition of sodium carbonate 
to the grinding mill. (2) Adjust pulp density to 3 or 4 parts of water 
to 1 of ore by weight. (3) Add about 0.1 lb. per ton of ore of potassium 
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ethyl xanthate* and about the same amount of cresol. (4) Agitate 
the mixture, and at the same time (5) add air in a fashion that will 
impregnate the pulp thoroughly with bubbles. (Note here that items 
4 and 5 are interrelated in ways that will be discussed in detail later, 
and that other gases may be substituted for air.) (6) Still the pulp 
sufficiently to permit bubbles to collect as a froth at the surface. 
(7) Remove galena-bearing frotht from the top and draw off impover¬ 
ished tailing from the bottom of the apparatus. 

Many forms of apparatus are available, as well as a number of equiva¬ 
lents for each of the reagents added. The general sequence of operations 
is, however, always the same. 

The most cursory analysis of this typical operation marks selective 
attachment of bubbles to the galena particles as the heart of the process. 
Simple difference experiments (see p. 574) raise the inference that 
selection and bubble attachment are separate functions, and that frothing 
is another. Exhaustive experimentation justifies a breakdown of the 
process into the elements shown in Fig. 1. The reagents are causative 



Sequence of elementary steps (for typo of process see Chap. 17.): 

Bubble-column process (Ii-C): I, II, HI, ^ I, IV, V. 
Agitation-froth process (A-F): I, II, III, IV, V, VI. 
Table flotation ('/’): I, II, HI, IV, V. 

Fig. 1. Elements of the flotation process. 


of the three elements to which their lead-lines run; the flotation machine 
is the cause of the remaining three. The sequence of the steps differs 
among the processes as indicated by tin- letters on the interstep lead¬ 
lines (see Chap. 17 for detail). 

In the art an indefinite part of preselection treatment is called condi¬ 
tioning: selective coating is commonly called collection; gas introduc¬ 
’d For these footnotes see p. 248. 
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tion is designated aeration ; bubble attachment, frothing, and the float- 
sink step are usually lumped together under the term frothing. This 
terminology is followed herein as far as is consistent with clarity. The 
order of presentation is based primarily on the sequence of essential 
phenomena; selective coating, bubble attachment, and float-sink sepa¬ 
ration, followed by a mop-up chapter in which the incidence of common 
operating techniques on these essentials is discussed. 

Experimentation extending over upwards of twenty years finally 
proved that the only naturally floatable minerals are the solid hydro¬ 
carbons. AirJ bubbles adhere to clean surfaces of these minerals in 
pure water. When bubbles adhere to other minerals in water, organic 
contamination of the particle surfaces is positively indicated. 

A collector is an organic substance which will form a hydrocarbon-like 
surface on a mineral particle in an aqueous pulp. Selective collector 
coating is the formation of such a surface on particular species only in a 
mineral mixture. 

Collectors are of two main types: liquid hydrocarbons and water- 
soluble compounds comprising a hydrocarbon radical linked to a 
chemically active group. 

The minerals that can be coated with pure hydrocarbon oil in water 
are hydrocarbon minerals such as the coals, and sulphur, graphite, and 
a small group of sulphides of which molybdenite is typical and best 
known. 

* It is customary to state the quantities of reagent added in terms of pounds per 
ton of ore. I he practice is completely uninformative with respect to water-soluble 
reagents, the effect of which is usually proportional to their concentration in solution. 

It is, however, helpful in setting reagent feeders relatively to ore feeders—which is 
important from an operating standpoint—and it probably has some advantages in 
making up and using metallurgical accounts. The student should, however, make 
a practice of thinking of collector quantities in terms of concentrations in the pulp 
water—basically in moles per liter, but from the standpoint of laboratory experi¬ 
mentation in milligrams per liter. 

t The absolute bubble sizes in the float, and the relation of bubble size to size of 
levitated particle, range widely according to the machine used, all other factors being 
constant. Average bubble size at the upper surface of some froths is almost an inch, 
with some bubbles several inches in diameter. Such an average bubble would have 
sufficient surface area to carry a million or more particles of the sizes normally 
floated. At the other extreme, in so-called table flotation (Chap. 17), a single 
particle may have several bubbles smaller than it is clinging to it, just as bubbles 
commonly frost the walls of a glass of carbonated water. 

J The word “air” descriptive of the gas introduced in a flotation operation desig¬ 
nates the usual mixture of air gases, water vapor, and a small amount of volatilized 
frothing agent wliich makes up the bubble filling. Large variations in the propor¬ 
tions of these various usual filling ingredients make no appreciable difference in 
bubble behavior. 
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The probable cause of such coating is most easily investigated with sulphur. 
When a drop of neutral hydrocarbon oil is brought into contact with a polished 
surface of pure sulphur immersed in pure water, the oil spreads on the surface, dis¬ 
placing water, until an equilibrium contact angle (see Chap. 16) is reached at about 
135° (see Fig. 2). If a captive air bubble is pressed against the visible oil mass, 
both oil and bubble distort but do not adhere. But if the bubble is applied just 
outside the periphery of the visible oil, it sticks. It does not stick if applied at an 
appreciable distance from the oil. 

If the oiled particle is removed from the water and the visible oil is washed away 
by the force of running water, as by the stream from a tap, and the particle is then 
permitted to dry, an etch mark is left where the visible drop rested and an area of 
interference colors, irregular in outline on the side 
toward which the oil was washed but generally a 
narrow annulus elsewhere, surrounds the etch pit. 

The immediate inferences are: that the oil mass in 
contact with the sulphur dissolved it; that the 
main oil mass was surrounded by an area of the solid 
surface coated with a very thin film of oil; that an Fig. 2. Contact angle of oil 

air bubble sticks to a solid surface thinly oil coated against sulphur in water, 
but does not stick to a thickly coated surface, i.e., 

to liquid oil. One may also infer that the visible interference areas were surrounded 
by further areas coated so thinly as to be invisible, because the visible annulus was 
narrower than the diameter of the bubbles that made contact. 



The apparent mechanism of the coating is differential intermolecular attraction. 
Sulphur is not soluble; in water. Prolonged shaking of powdered sulphur with 
aerated water raises the hydrogen-ion concentration in the water, but the contribu¬ 
tion of sulphur to the phenomenon is sulphate ion (probably also lower sulphoxy 
ions), indicating oxidation as a necessary prelude to solution. Sulphur is, however, 


soluble directly in hydrocarbons, to a considerable extent at elevated temperatures. 
If miscibility without chemical change is interpreted as evidencing stronger attraction 


between molecules of solvent and solute than exists between the molecules of either 


separately—which is a reasonable hypothesis for a little understood phenomenon— 
then the oil molecules are drawn away from the bulk oil and along the sulphur surface 
beneath the water because of the greater attractive forces existing between oil and 
6ulphur molecules than exist between molecules of sulphur and water. 

Hydrocarbon oils similarly etch and coat the high-volatile bituminous coals, i.e., 
those with u relatively low d- ill ratio. latching to the extent of surface roughness 
18 not effected on anthracite, hut the circle of oil contact is readily visible by inter¬ 
ference colors after the bulk oil is washed away. With graphite only the barest 
trace of the position of the oil drop is left after washing; interference colors arc 
doubtful; but the t race means that something is left at the surface which can only 
be oil, and inference of a similar mechanism to that established for the other minerals 
discussed is at least reasonable, even though confirmation is lacking. 


Most minerals do not become coated by neutral hydrocarbon oils in 


water. When a droplet of the oil is pressed against them it deforms 
just like a softly inflated rubber ball squeezed against a table; when the 
push is released the drop, if small, say 1-mm. diam., reassumes a 
substantially spherical shape; if the oil is specifically lighter than water, 
the drop floats away; if heavier, it will roll along a surface sufficiently 
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sloping. The collector normally used for these other minerals is an 
ionizable compound with a hydrocarbon radical forming part of one of 
the ions. The ethyl xanthate named in the description of a flotation 
operation earlier in this chapter is such a collector. 

Understanding of the way in which the collector functions is essential 
to effective control of flotation operations. One key to such under¬ 
standing is the material balance, which is widely used in tracing chemical 
reactions. One form of the flotation operation described earlier is 
pictured diagrammatically in Fig. 3. The basis is 1 ton of a simple 
siliceous lead ore floated in a pulp containing 20% solid, using 0.1 lb. 
per ton each of potassium ethyl xanthate and cresol. Recovery is 95% 
and concentrate assays 60% Pb. Neither the concentrate water nor 
that in the tailing shows more than a trace of xanthate ion, but both 
assay the same for potassium ion. The concentrate water assays 
higher in cresol than the tailing water does. The xanthate ion shown 
in the products is obtained from the solids by extracting with hot 
alcohol, evaporating, and analyzing the precipitate. Complete analysis 
of this precipitate shows 1 mole of lead to 2 of xanthate ion. The 
amount of xanthate ion in each product is substantially proportional 
to the quantity of galena therein. The quantity x turns out to be 
sulphoxy ions in the water, distributed between concentrate and tailing 
in proportion to the quantities of water in them, and totaling approxi¬ 
mately mole per mole of EtX“ recovered.* 

Analysis of the balance, assuming as background only the knowledge 
that air bubbles in water attach to hydrocarbon surfaces and not to 
others, presents a choice between cresol and xanthate as the coating 
agent. The fact that the xanthate ion in the products is proportional 
to the galena, whereas the cresol is not, would indicate the former as 
the coating agent. Confirmation flows from repetition of the float, with 
xanthate omitted, when frothing occurs, but there is substantially no 
concentration—none if nothing but the indicated substances less 
xanthate constitute the feed. 

Omission of cresol from the feed, xanthate present, results in a failure 
to froth, whence frothing is attributable to the cresol. The significance 
of the distribution of this reagent in the products is discussed in Chap. 16. 

The constant proportionalities of potassium and sulphate ions in the 

* It. should not he inferred that this material balance emerged full-fledged from the 
laboratory of any investigator. In fact, it has probably never been made completely 
in the form presented. But the experimental work that has been done in a simpler 
step-wise fashion covers every phase of the balance presented and makes it certain 
that should pure substances of the compositions listed under ‘•Feed” be treated as 
described, a balance approximating closely that given would be obtained. 
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products to the water and to each other, the magnitude of the latter 
ratio (2K + : lS„O m = ), and the form in which xanthate ion was recovered 
are consistent with the postulate of the equation 

2KEtX + PbS n O m — Pb(EtX) 2 + K 2 S„O m 

Supporting evidence is: galena leached with water yields Pb 4 " 4 " and 
S„0 m = in the water; if the leach is made with a solution of potassium 
ethyl xanthate, the solution contains no lead, a reduced amount of 


Concentrate lb. 



PbS 

S 1 O 2 

Water 


< 


EtX“ 

K* 


Cresol 

Air 

x 


Tailing 


< 


PbS 

S 1 O 2 

Water 

EtX- 


K* 


Cresol 

Air 

x 


95 

42 

41 

0.072 
0.0012 
0.0054 
5,000 cu. ft. 
? 

lb. 

5 

1,858 

7,589 

0.004 

0.0228 

0.0946 


? 


Fig. 3. Idealized material balance on a flotation operation. 


xanthate ion, all the original potassium ion, and sulphoxy ions in sub¬ 
stantial stoichiometric balance with the decrease in xanthate ion and in 
considerable excess over the amount derived from the water leach. 

So far, then, the indication is that xanthate ion from solution ex¬ 
changes with sulphoxy ion at (he galena surface, and that at the surface 
it is in the form of the compound load ethyl xanthate. 

This hypothesis faces several objections: that galena is lead sulphide 
and that the sulphide ion is unaccounted for; that lead sulphate is 
relatively soluble and- a fact—that a water leach of freshly ground 
galena is far from saturated with the sulphate; that lead ethyl xanthate 
is not a hydrocarbon. 

As to sulphide ion, not only has no sulphide ion ever been found in 
either water or xanthate leaches of galena, hut when the* surface of 
galena is lead sulphide, flotation does not occur. In other words, 
oxidation of the sulphide ion of the galena is a necessary antecedent to 
collector coating and flotation. Experimental confirmation is that 
sulphide ion from solution will displace sulphoxy ions from a ground 
galena surface; that thereafter, so long as sulphide ion is present in the 
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solution, xanthate ion is not abstracted and flotation will not occur, 
but that if the sulphide ion is removed by blowing with air, xanthate 
coating occurs. Sulphide ion displaces xanthate ion from galena sur¬ 
faces, and the previously floatable galena is no longer floatable. Galena 
washed free of sulphoxy ions in a nitrogen atmosphere is not collector- 
coated by xanthate. All of this is in accord with the fact that the 
solubility product of galena is 10 -28 and that of lead ethyl xanthate is 
10 -16 , and so the absence of sulphide ion is in accord rather than in 
conflict with the postulate. 

Retention of lead sulphate (as typical of the sulphoxy ions) at galena 
surfaces in water not saturated with the salt is established as a fact by 
the experiments previously related. The first attempt at a statement of 
cause, viz., that lead sulphate at a lead sulphide surface is less soluble 
than lead sulphate at a lead sulphate surface, is little more than a restate¬ 
ment of the fact, but it has been verified by analogy; Thus galena has 
been collector-coated from a saturated solution of lead ethyl xanthate, 
from a solution half-saturated, and from a potassium ethyl xanthate 
solution containing 7-10 —4 mg. per li. Tracer atoms showed that 
coating was by transfer of the xanthate ion and not the lead ion; in 
other words, that the mechanism was the same as when potassium ethyl 
xanthate is used. For these facts to fit the solubility-product principle, 
it must be assumed either that the solubility product of a thin layer of 
one salt on a substrate of a less soluble salt is lower than the solubility 
product it exhibits in bulk, or that the concentration of the mineral- 
contributed ion in such a precipitation must be taken as its surface 
concentration, i.e., as the % power of its bulk concentration in the solid 
mineral. Taking the case of the lowest concentration above (7 • 10 —4 mg. 
per li.) and the solubility product of lead ethyl xanthate as 5*10~ 16 , 
the concentration of lead ion required to satisfy is 26.1 moles per li. 
The concentration of lead ion in solid galena is 31.8 moles per li., giving 
a surface concentration of lead ion of 10 moles per li. Conversely, if 
this surface concentration of the lead ion in solid galena is used with 
the above minimum concentration of xanthate, a solubility product of 
1.9-10“ 10 is obtained, which agrees with the reported value within the 
limits of experimental error for such determinations. 

A suggestion of cause lies in the concept that the extent to which a 
dielectric medium dissolves and dissociates an ionic compound depends 
upon both the strength of the interionic bonding of the compound and 
the dielectric constant of the medium, decreasing with increase of the 
former and with decrease of the latter. Then in a given solvent the 
relative ionic solubilities of two salts are inversely as the strength of their 
interionic bondings. The low solubility of lead sulphide relative 
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to either lead sulphoxy compounds or lead ethyl xanthate is, therefore, 
evidence that lead ions are bonded to sulphide ions more strongly than 
they are to sulphoxy or ethyl xanthate ions. The inner monolayer 
of either of these more soluble salts contains lead ions bound in part to 
sulphide ions. To dissolve, both the lead ion and the coating anion 
must be freed. But this involves breaking the lead sulphide ion bonds, 
and since these are stronger than the others, less of the monolayer goes 
into solution. 

The answer to the objection that lead ethyl xanthate is not a hydro¬ 
carbon is that there is good evidence that the coating is a monolayer 
oriented with the active CSS - end toward the solid. This is the ar¬ 
rangement to be expected from electrical considerations, since it is the 
single-bonded sulphur that is the holding center for the excess electron 
left with the anion on solution of the xanthate salt. This arrangement 
is also indicated by several other independent observations: the contact 
angle with ethyl xanthate on a variety of sulphide minerals is constant 
at GO 2 or 3°, i.e., it is independent of the other ion in the coating 
compound; the contact angles with various aliphatic xanthate homo- 
logues on the same mineral increase with increase in length of the hydro¬ 
carbon chains, e.g., from 45° with methyl to 85° with hexyl; finally, 
whereas diphenyl thiourea gives a contact angle with galena, substitution 
of the water-avid hydroxyl group in para position to form p-dihydroxy- 
diphenylthiourea results in zero contact angle, although the anion is 
abstracted from solution by galena to substantially the same extent 
that diphenylthiourea is. On the basis of this evidence the description 
of water-repellent surfaces should be broadened to read: hydrocarbon 
or hydrocarbon-like. 

The stoichiometric balance 


MA + (Itx) - = M(xR) + A - 

where MA is the compound at the surface of the selected mineral in the 
pulp just prior to collector coating and (Rx) — is the collector ion com¬ 
posed of the hydrocarbon radical R and an active group x, has been 
proved experimentally for oleatc ion and the minerals caleite and 
apatite. Qualitative abstraction tests confirming anion exchange have 
also been made at Columbia for copper and for copper-coated sphalerite 
with ethyl xanthate, for galena with thiocresol and diethyl dithio- 
phosphate, and for pyrite and chalcocite with the thiophosphate. 
No abstraction of xanthate ion occurs with sphalerite, calcite, or 
quartz, but in no case has failure to abstract collector ion occurred 
when treatment with the ion produced effective bubble contact with 
the mineral. 
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No stoichiometric balance has been reported for the coating reaction 

MA + (Rx)+ —> (Rx)A + M+ 

in which (Rx)+ is a hydrocarbon-bearing cation. But qualitative evi¬ 
dence of cation exchange has been obtained for scheelite with laurylamine 
hydrochloride, and abstraction of laurylamine ion by quartz and of 
cetyl trimethyl ammonium ion by glass has been shown. 

In light of these data it would seem justifiable to conclude that the 
mechanism ol collection with soluble ionic collectors comprises metathetic 
reaction at the surfaces of specific minerals of an ore, involving exchange 
of the hydrocarbon-bearing ion of the collector with a correspondingly 
charged ion from the mineral surface. This results in precipitation 
at the surface of a monolayer of which the inner part is one of the ions 
of the mineral particle, anchored there by the interionic bonding of the 
mineral lattice, and the outer part is the hydrocarbon-carrying ion from 
the collector, oriented with its hydrocarbon radical toward the water. 

The amine molecule, in contradistinction to the amine ion previously 
discussed, typifies a nonionic soluble collector. It distinguishes from 
corresponding ionic collectors in the following known ways: it gives 
a larger contact angle than the amine ion (85 ~ 90° vs. 60 ± 5° with 
laurylamine); it produces this angle in solutions in which the concentra¬ 
tion of amine ion is lower than will produce a measurable angle in solu¬ 
tions oi the hydrochloride of the same amine; and in producing the 
angle it does not displace metal ion into solution. 

A clue to the coating mechanism lies in an observed positive correla¬ 
tion between the metals that amines collector-coat and the metals which 
form water-stable ammonia complexes (Cu, Ft, Ag, Zn, Ni, Fe ++ , Cd, 
and Sn); conversely metals that do not form such complexes do not 
collector-coat (Mg, Al, Pb). On this basis it is postulated that the 
coating mechanism involves complex formation of the amine molecule 
with the metal ion. 

It is thought further that the complexes contain two amine molecules. 
Ihis postulate is based on the fact that the contact angle is the same 
for the different metals; that the coordination number for silver is two, 
which places an upper limit on the number of amine molecules that it 
can carry; and that with quartz, where the indication is that one 
laurylamine ion combines with each silicon-containing ion (HSiOs - ), 
the angle at an amine concentration corresponding to that used with 
the metals is about 60°. 

It is not improbable that the amine-complex formation actually 
represents partial replacement of hydration water from the metallic 
ions, but no direct evidence on this score exists. 
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Neutral oils are frequently used with soluble collectors, particularly 
for minerals that are difficult to float. Their effect is to increase 
recovery, usually at the expense of some lowering in grade of concen¬ 
trate. The explanation for this action follows from the observation 
that such oils spread readily on particles coated with soluble collectors 
when the collector coating is either too light or too heavy (multilayer) 
to cause good air-bubble contact, whereas after such spreading the 
contact angle is the high angle characteristic of an oiled surface. It is 
probable that the same mechanism is involved in this oil spreading as is 
found in oil coating of the hydrocarbon minerals, viz., mutual miscibility 
of the oil and the solid surface, which in this case is of hydrocarbon-like 
character because of reaction with soluble collector. This does not 
imply that the collector-reaction compound is dissolved away from the 
mineral surface by the oil but that relatively strong intermolecular 
solution forces exist between oil and surface, and the oil, being the 
more mobile part of the system, moves (see p. 249). 


Flotation of water-soluble minerals (sylvitc and halite principally) 
is effected in brines saturated with respect to the feed minerals. Essen¬ 
tially such a system does not differ from the ordinary flotation pulp 
where similar saturation prevails. But solubilities of flotation reagents, 
and particularly of reaction products of these with mineral ions, may 
be and usually are quite different in the brine from those of the same 
and related substances in the water of an ore pulp. Hence an entirely 
new system of relative solubility values and probable coating reactions 
must be learned. Little progress has been made so far. Specifically, 
halite is floated with carboxylic acids (fatty or naphthenic), but almost 
certainly the selectivity against sylvitc is owing to preactivation with 
lead ion added or calcium ions naturally present (see Chap. 15). 
Sylvitc is floated from halite by amines, with organic colloids added as 
halite depressants (see Chap. 15). Why lead or calcium ion, which 
must almost certainly activate by reaction with chloride ion, should 
select the chloride of the halite as its anchor instead of the chloride 
of sylvite remains to be answered, as does also the converse question 
"’hy the amine ion should choose the chloride of the sylvite surface in 
preference to that of the halite. 

An answer possibly exists in the difference in size of the sodium and 
potassium atoms and consequent differences in possibility of stable 
packings of exchange ions at the two chloride surfaces. The crystal 
structure of the two salts is the same face-centered cubic—but the 
radius ratios arc 0.52 for the sodium salt and 0.73 for the potassium. 
This is a greater proportionate difference than exists between the 
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chlorides and fluorides of any of the alkali metals, between which there 
are, of course, marked differences in chemical activity in their non- 
dissociated states. But this is rankest speculation in the present state 
of knowledge of the halide flotation systems. 

The extent of coverage of mineral surfaces by collector coatings is 
unknown. Estimates place the percentage covered when effective 
contact with bubbles can be made at from 3% to something more than 
100 c /o- Direct estimate usually involves correlated estimates of particle- 
surface area and the quantity of coating ion abstracted. But when the 
surface area is sufficient to produce sensible differences in the concen¬ 
trations of coating ion in original and leach solutions, there is grave 
doubt of the adequacy of the surface measurement, whereas where 
geometrically regular surfaces are used and estimates of apparent 
surface area are reasonably acceptable, the extent of area is too small 
to yield reliable concentration differences in original and impoverished 
collector solutions. 

Indirect methods depend upon argument from concomitance between 
contact angles, concentrations of coating solutions, elapsed times, and 
induction (bubble-contact) tunes. The general nature of the experi¬ 
mental correlations is shown in Fig. 4. The dotted parts of the lower 
branches of all curves denote regions through which the measurement of 
stable angles has not yet proved possible. This condition prevails up to 
angles of 35 to 40°. Hence essentially the curves through these portions 
are roughed in to fit between the first position of appreciable cling and the 
first position of a reasonably dependable angle. The break at the end 
of the a curve is differently explained according to the collector used. 
With xanthates it is attributed to the formation of a soluble complex 
similar to those formed when zinc or copper cyanides dissolve in an excess 
of alkali cyanide. With soaps it is thought to be due to the formation 
of a second layer, adsorbed by van der Waals’ forces and oriented with 
active ends out. In this case removal of the particle to clean water 
results in restoration of the full angle. The difference in the slopes of 
the rising legs of curves b and c and the magnitudes of x show that 
induction time is of more effect than elapsed time in determining contact 
angle. The significance of this is discussed in Chap. 16. The curves 
show generally that concentration of collector and both elapsed and 
induction time are independent factors in determination of contact 
angles. 

What one would like to believe as a basis for interpretation of the 
curves is that zero contact angle represents zero coating and that 
maximum contact angle for the particular collector represents complete 
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coverage. The difficulty with these assumptions is that the rising 
leg of curve a is moved to the left by increase in the induction time- 
factor, which is inconsistent with both assumptions. (It will be shown 
in Chap. 16 that there is reason to believe that the presence of a bubble 
in contact with a partially coated surface increases the rate of coating 
under the bubble, but this is of no aid in the present investigation.) 





Fig. 4. Com( act-angle correlations. 


Choice of collectors involves practical application of theory in a region 
of confusing cross trails and dead ends where such a compass can indi¬ 
cate direction but is not sensitive enough to point out the best path. 

It is a proper inference from theory that it should be possible to predict 
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the utility of a given collector for a given mineral by mixing aqueous 
solutions of the collector and the mineral ion of opposite sign. But the 
concentrations and time factors to use in such tests are not known. 
Formation of visible precipitate may be so slow as to be overlooked 
when effective collectors in the concentrations normally used are mixed 
with stoichiometric concentrations of the mineral-surface ion. This 
tends to confirm an earlier hypothesis of exceptionally high concentra¬ 
tion of the ion of the solid in the coating reaction. Sometimes no 
precipitate is obtained at any reasonable concentrations of either ion, 
e.g., with zinc ion and ethyl xanthate, despite the fact that sphalerite 
floats more or less readily with ethyl xanthate in many ore pulps. The 
explanation is that in the ore pulps the sphalerite surface ion is not 
zinc but another metal either present as an impurity in the mineral or 
adsorbed by metathesis from the pulp solution (see Chap. 15). The 
best that can be said for the precipitation test is that positive results 
are dependable whereas a negative result is not conclusive. 

Contact-angle testing is more sensitive, but the test specimen should 
be from the ore under investigation to allow for impurities, and the test 
solution should be a leach from the ground ore pulp, preferably prepared 
under conditions simulating those of a regular flotation operation. But 
bubbles coated with films of oil or of strongly adsorbed soluble frothers 
make contact with particles lightly collector-coated much more rapidly 
than a clean air bubble will (see Chap. 16). Consequently flotation 
will often occur in actual operation (in bubble-column machines; see 
Chap. 17) when contact-angle tests are negative. The reverse is rarely 
the case. However, such testing should always include full considera¬ 
tion of preselection history, and frothing, machine, and time-factor, 
all of which are considered in later chapters. 

Specifications for a perfect collector would include high mineral 
specificity; strong collecting effect; good chemical stability both in 
storage, and in pulps throughout a wide pH range either side of neutral; 
ready solubility in water; complete lack of frothing effect; and plentiful 
supply at moderate per-pound prices. 

Mineral specificity is never high in respect to particular minerals. 
The collectors with —CSS - and =PSS - active groups do, however, 
differentiate sharply between sulphides and the silicates and other usual 
rock-forming minerals. The aromatic amines, e.g., alpha-naphthyl- 
aminc, differentiate similarly between copper sulphides and siliceous 
gangues. The =PSS - collectors (Aerofloats) are often used because 
of a belief that they collect iron sulphides less strongly than they do lead 
or copper, but the evidence on this score is not conclusive. The primary 
aliphatic amines and the tetrammonium halides are reasonably specific 
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in acid solutions for silicates and some of the nonmetallic salt-type 
minerals as against heavy-metal sulphides and oxides, and also exhibit 
some specificity for silicates as against all other minerals. The fatty 
and lesin acids and their alkali salts are least selective because they form 
collector coatings—in many cases, certainly, water-insoluble soaps— 
with the metals ol Oroup IB and II; aluminum and probably some of 
the rare earths in Group III; titanium, zirconium, tin, and lead in 
Group IV; the metalloids oi Group V; manganese; and probably all of 
Group VIIIA. 

By classes, both as to minerals and collectors, practice is to use the 
sulphydric collectors for the sulphides and their oxidized derivatives. 
The carboxylic acids—fatty from C, 2 to C 17 , resin (C 20 ), and naph¬ 
thenic of about the same carbon loading as the fatty—are the principal 
collectors for the nonmetallic minerals, but the sulphonates (RS0 3 - ) 
and alcohol sulphates (Ii0S0 2 0“) in the C 12 to C 20 range, usually 
with neutral hydrocarbon as a fortifier, are sometimes substituted. 
Amines in acid solution are used for quartz and a few of the silicate 
minerals. 

Collecting strength implies both effectiveness at low concentrations 
and strong bubble-attaching power. The two properties are not clearly 
separable, since bubble-attaching power normally increases with carbon 
content, and particularly with length of aliphatic chains, and these 
factors are also determiners of effective concentrations. On the other 
hand, it is to be expected that the nature of the active group is also a 
determiner of effective concentrations, as witness the generally lower 
strength of ethyl Acrofloat as compared with ethyl xanthate. The 
greater strength of the didithiocarbamatcs as compared to the xanthates 
may be attributable either to the active group or to the greater carbon 
loading. 


Chemical stability is important from a commercial standpoint. Use 
of reagents that are unstable in storage requires frequent purchases in 
small quantities, with the danger of periodic failure in supply, and at 
higher costs because of small-quant it.y purchases. Instability in pulps 
means higher consumption and requires successive additions during the 
course of the operation, i.e., stage addition. This invariably requires 
more attendance. In general, chemical instability increases with both 
sulphur and nitrogen contents because these elements are both present 
in their lower-valence states and are thus highly subject to oxidation. 

Ready solubility in water makes for easier operation and consequently 
lower attendance costs; it also generally permits lower consumption. 

Lack of frothing effect is important because of the codependence 
of dotation rate on both collecting effect and frothing effect. lienee 
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if a reagent has both properties neither effect can be controlled in¬ 
dependently. 

The quantity of collector necessary depends principally on the kind of 
mineral to be floated, the chemical nature and physical state of the 
gangue, and the chemical nature of the pulp solution. Sulphide minerals 
are almost invariably floated with —CSS~ or =PSS~ reagents in 
quantities that range from 0.05 to 0.15 lb. per ton of solid; if more is 
required it normally means that the pulp solution is not being modified 
properly, that too rapid flotation is being attempted, that the sulphide is 
considerably oxidized, or that the reagent has been diluted with inert 
material. In nonmetallic flotation with carboxylic, sulphonic, or alkyl- 
sulphuric acids the normal consumption range is 0.5 to about 3 lb. 
per ton plus more or less neutral oil, and if the mineral to be floated 
slimes badly or if low pH is necessary for sharp selection, collector 
consumption may rise to 5 or 10 lb. per ton. Under such circumstances 
it is frequently economical to discard slimes. Practice with amines is 
not sufficiently developed for generalization as to quantities; at present 
consumption is on the high side, i.e., upward of 1 lb. per ton, and stage 
addition is desirable. 

Review questions 

1. Define: collection; soluble collector; metathesis; contact angle; natural 
floatability; collecting strength; sulphydrie collector; induction time; Acrofloat. 

2. What physical fact underlies the flotation process? 

3. Describe a contact-angle measurement. What is the primary significance of 
such a measurement, in flotation testing? 

4. What kind of solid surface is necessary for bubble attachment in water? 

5. Explain the mechanism of oil coating of sulphur by petroleum oil in water. 

6. Explain the significances of the abstraction tests as to the mechanism in¬ 
volved in coating galena with xanthatc. 

7. Marshall the analytic data for metathesis in the coating of galena by ethyl 
xanthatc. 

8. It has been proposed that themcchnnism of coating of galena by ethyl xanthate 
involves hydrolysis of the salt and adsorption of xanthic acid molecules oriented 
H to S and EtX to Pb at an unaltered lead sulphide surface. Test this postulate 
by the experimental facts of this chapter. 

9. What is the normal chemical state of sulphide-mineral surfaces in pulp waters? 

10. Give the arguments for the proposition that oxidation of sulphides is essential 
to their flotation. 

11. What are the independently controllable elements of a flotation operation? 

12. Cite experimental evidence that sulphoxy coatings on sulphide minerals are 
less soluble than the bulk sulphoxy compounds. Correlate extra sulphate ion 
obtained by xanthate leaching with the concentration of lead ion at the galena surface. 

13. Write the structural formula for the acidic form of thiocarbanilide; of p-dihy- 
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droxydJpUcnyUhiourea. How is the latter compound used to indicate orientation 
of the former at a galena surface? 

14. Give other evidences of orientation of collector coatings resulting from soluble 
collectors. 

15. Name and write the structural formulas for all of the homologous xanthates 
(seven of them) lying between methyl and hexyl xanthates. 

16. State the postulate for the coating reaction with amines in alkaline solution 
and give the supporting evidence. 

17. What percentage of the surface of a galena particle must be covered in order 
to produce a contact angle of 60°? 

118- Assuming that the solubility product of lead ethyl xanthate at the surface of 
galena is the same as that of lead ethyl xanthate in bulk (5- lO-* 6 ), what must be the 
concentration of lead ion in moles per liter to effect precipitation of lead ethyl xanthate 
at a galena surface immersed in a solution containing 7- 10~ 4 mg. per li. of potassium 
ethyl xanthate? How does this correspond with the concentration of lead ions at a 
galena surface, assuming surface concentration to equal the y z root of volume 
concentration? 

119- Discuss the utility of precipitation and of contact-angle tests for prediction of 
the utility of a soluble collector for a given mineral. 

20. Give specifications for a perfect collector. 

21. What effect has the gas tilling of bubbles on their action in flotation? 

22. For what separations are the xanthates best suited? The thiophosphoric acid 
collectors? The primary aliphatic amines? The fatty acids? 

23. What factors determine collecting strength? 

24. What is the principal cause of instability of collectors? 

25. What is the advantage of a nonfrothing collector? 

26. What minerals are naturally floatable? 

27. Translate 0.1 lb. per ton of ore of potassium ethyl xanthate in a 4: 1 pulp 
into pounds per ton of water, milligrams per liter, and moles per liter. 

28. What positive inference as to cleanliness of a gas-liquid-solid system is to be 
drawn from the fact that gas displaces water from the surface of the solid? 

20. Name the two basically different types of collectors. 

30. What implications as to intermolecular attractions arise from the solution of 
one substance in another? 


31. If a neutral hydrocarbon oil, when brought into contact with a polished surface 
of galena in water adheres, what is the implication? What, if a droplet of oleic 
acid acts similarly? 

32. In what way or ways does flotation of water-soluble substances such as halite 
and sylvite differ from that of (a) galena; ( b) apatite? 
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Chapter 15 
FLOTATION II: 

SELECTION II—ACTIVATION AND DEPRESSION 

There is a tendency among students to accept the simplified pictures 
of physical and chemical phenomena which teachers use to describe the 
course of natural and technological processes as mirror images of facts 
and their sequences. Rarely the assumption is justified. Selection in 
flotation is not one of those cases. The simple quartz-galena mixture 
taken as the typical feed to a two-mineral separation operation has no 
counterpart in nature or ore dressing. Even approximations to it are 
unusual. Commonly a flotation feed contains a mixture of many 
minerals, divisible, partly at least, into groups that are related chemi¬ 
cally but almost wholly unrelated technologically and commercially, 
e.g., copper and iron sulphides; lead, zinc, and iron sulphides; sodium 
and potassium chlorides; magnesite and serpentine; quartz and feld¬ 
spar. Economics demands separations. The chemical relationships 
tend to cause the members of a group to behave in the same ways in 
chemical and physicochemical processes such as collector coating. 

Solution of the problem here presented has two facets: prevention of 
response of one of the related species to a collector normally effective 
for both (depression), and production of response of one species in an 
environment in which it would normally not respond (activation). The 
line of attack follows logically from the general mechanism of collector 
coating. Since this involves reaction with a surface ion of the mineral, 
activation must constitute changing a surface ion inactive with the 
collector to an active one (resurfacing); conversely depression requires 
selective deactivation of one of the surfaces. 

The best-known instance of controlled activation is the addition of 
copper sulphate to sphalerite pulps to bring about response of the 
sphalerite to xanthate or thiophosphate collectors. On the basis of 
the postulate of resurfacing in the preceding paragraph, this should 
involve precipitation of copper ion at the sphalerite surface. Shaking 
a copper sulphate solution with powdered sphalerite results in reduction 
of copper-ion concentration in the solution. Comparison of filtrates 
from parallel leaches of powdered sphalerite with water and with copper 
sulphate solution shows a higher concentration of zinc ion in the latter. 

203 
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Ion exchange is indicated. The balancing ion for zinc in the water leach 
is sulphate. But although the solubility of cupric sulphate (140 gm. 
per li. at 0 deg. C.) is only about one-fifth that of zinc sulphate, it is 
nearly a thousand times the concentration in the leach solution (and in 
mill pulps) and so negates precipitation of copper sulphate. If the 
copper solution is made concentrated and the treatment time is extended, 
the surface color of a pure sphalerite is markedly darkened by the leach 
treatment and the surface coating has been identified as cupric sulphide. 
This indicates that the abstracted copper displaces sulphide-bound zinc 
from the sphalerite. This is in line with the relative solubility products 
(ZnS, 10 23 ; CuS, 10 44 ). The heavily coated sphalerite, covellite, 
and sphalerite treated in a copper solution containing 1 mg. Cu++ per li. 
all give the same contact angles with ethyl xanthate solutions, and the 
first two yield cupric and sulphate ions in aqueous leaches. The weight 
of the evidence is, therefore, that the mechanism of this activation is 
represented by the equation 

ZnS + Cu ++ —» CuS + Zn++ 

and that the surface sulphide thereupon oxidizes. The necessity for 
such oxidation is proven by the fact that if sulphide ion is added to the 
copper-coated sphalerite either before or together with xanthate ion, 
bubble contact and flotation cannot be effected. This correlates with 
the lower solubility of copper sulphide as compared with copper xanthate, 
evidenced by the fact that sulphide ion darkens a precipitate of yellow 
cuprous xanthate. 

Study of solubility tables leads to the expectation that silver and 
mercury ions should likewise be highly effective for sphalerite activation 
and that lead and cadmium ions should be effective but that more 
concentrated solutions would be necessary. Experiment confirms in 
each case and also shows that copper ion activates galena and the iron 
sulphides. 

Coating of nonmetallic minerals by reaction products of the mineral 
anion with heavy-metal ions is known, e.g., calcite and apatite with 
copper, but activation in the sense of thus rendering the minerals float¬ 
able with —CSS - collectors does not occur. On the other hand quartz 
and certain other nonmetallic minerals are rendered floatable with fatty 
acids by grinding with iron balls. 

Sulphide ion has limited use as an activator for the so-called oxidized 
ores of the heavy metals (carbonates, sulphates, etc.) and for heavily 
oxidized sulphides, its function is, apparently, to first close the surface 
to a depth of several molecules by sulphide formation, after which the 
surface layer of sulphide is oxidized by aeration of the pulp and there- 
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upon reacts with collector ion in normal fashion. Without such treat¬ 
ment the collector ion reacts to a depth of many molecules with the 
mineral surface, and such multilayered collector coatings do not adhere 
readily, if at all, to air bubbles. The sulphide reoxidation is difficult 
to control. Bubble adhesion is not strong at any time and usually must 
be strengthened by use of oil as an added collector. 

Activation by mass-action effect is typified by the reduction in amount 

of laurylamine salt required for flotation of barite when sodium sulphate 
is added. 

Slime coating is a phenomenon often found to be present when un¬ 
satisfactory recovery exists throughout the entire particle-size range. 
It is readily identified by washing away suspended slime from samples 
of float and tailing (e.g., on a watch glass) and examining the sands under 
water at 20 to 50 magnifications; if slime coating is occurring, either the 
wanted mineral in the tailing will show definite particles of gangue 
adhering, whereas little or no adherence is visible in the float., or, in 

case of sulphides, the tailing particles are definitely less lustrous than 
the float. 


The cause of slime coating has not been established generally—not 
improbably the mechanism is different in different cases, del Giudice 
showed that with calcite coating on galena there is an increase in 
sulphoxy ion in solution when a galena and a calcite slime are mixed, 
from which he concluded that carbonate ion had displaced sulphoxy ion 
at the galena surface, and, since slime coating occurred at the same time, 
he attributed the bonding to a lead carbonate cement. In confirmation 
he found that pretreatment of the galena with either silicate or ethyl 
xanthate ion—each of which displaces sulphoxy ions and coats the 
galena surface with a reaction product less soluble than lead carbonate_ 


prevented coating by the calcite. It may be argued from this that 
coating by silicate minerals would involve a lead silicate bond, and this 
postulate is supported by the fact that sulphuric acid, which decomposes 
metallic silicates and drives back ionization of silicic acid, is a good 
coating remover. Sun attributed coating to electrical attractions 
between particles of unequal zeta potentials, and Bankoff found a cor¬ 
relation between coating and flocculation. These arc quite possibly 
two aspects of a common phenomenon. Both men reported coating 
where the cementing hypothesis of del Giudice apparently does not 
a Pply. Ince found marked increase in slime coating when glue was 
added to the pulp. 


Prevention of bubble attachment by slime coating is wholly mechani¬ 
cal. In all cases investigated it has developed that the slime-coated 
particles in the flotation cell are also collector-coated. But brief con- 
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sideration of the relative dimensions of a monomolecular collector coat 
and a visible slime particle suggests a surface condition analogous to 
that of boulders lying closely scattered on an underlying beach of sand. 
If imagination now pictures the bubble as a balloon settled on the 
boulders, its possibility of making contact with the collector coating is 
just about that of the balloon skin contacting the sand. 

Activation in this case involves either prevention of slime coating or 
removal of an existing coating. Prevention is the easier. It is normally 
effected by addition of chemicals which increase slime dispersion, e.g., 
sodium carbonate or sodium silicate, sodium hydroxide in low concen¬ 
tration, some polycarboxylic acids. Dispersing agents normally form 
ionizable and relatively insoluble compounds with the solid. As a 
result the particles are repelled by their surface charges and are so 
prevented from coming together. If floatable mineral and slime 
particles are like charged, this in itself is sufficient to prevent coating. 

1 he fact that the surface coating of the dispersed particle is of low 
solubility prevents the liquid film surrounding and moving with it from 
being sufficiently heavily charged with dissolved ions to form a layer 
of cement by a precipitating reaction with ions in a similar film sur¬ 
rounding the floatable particle. Thus correlation of slime dispersion 
with prevention of coating is explicable on either the cementation or 
the flocculation hypothesis. The difficulty in removal of an existing 
coating favors the cementation hypothesis, since under it removal 
involves solution of the cement, whereas under the flocculation hypothesis 
only a change in the ionic surroundings is necessary. 

Slime coating can be prevented by desliming the feed to the grinding 
circuit, which both prevents access of slime to new surfaces produced in 
grinding and serves also to scuff away mechanically existing coatings on 
surfaces already exposed. With feeds slime-coated at flotation size, 
scouring by vigorous agitation in a thick pulp in the presence of a 
dispersant is the usual remedy. 

It was pointed out in Chap. 14 that collector coating of sulphide 
minerals is the result of reaction between the collector ion and an ionized 
sulphoxy compound at the mineral surface, and that for quartz with an 
amine-salt collector the coating reaction involves silicate ion. The 
significance of those facts at this point is that the substances involved in 
these coating reactions are in no case the mineral itself, but rather an 
ionic derivative of the mineral, and that without the derived surface, 
reaction with the collector would be impossible. This is probably true 
also of the native metals. 

It happens in the cases cited that the surface alteration that makes 
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flotation possible takes place spontaneously in pulp water. But with 
some minerals, notably cassiterite, water does not produce ionic com¬ 
pounds at the surface (open the surface), and, in the absence of some 
impurity that will ionize, the mineral cannot be floated. Activation in 
such cases involves treatment that will ionize the surface in the pulp 
water. It is not unlikely that this is sometimes the function of relatively 
concentrated strong-acid pulp circuits. 


It follows from the preceding development, and particularly from the 
very low concentration of copper ion necessary to activate sphalerite, 
that it is not safe in analyzing or predicting flotation performances to 
think of the minerals of an ore in terms of their determined behaviors as 
pure individuals in controlled and relatively simple solution environ¬ 
ments. Rather they must be thought of in terms of their surface 
conditions at particular instants crucial in the operation under consider¬ 
ation. On the evidence, the metalliferous minerals in a sulphide ore 
must be considered, in the absence of an adequate control treatment, 
as tending to have a common surface of sulphoxy compounds of that 
metal ion present which forms the least soluble sulphide under the 
concentrations prevailing. 

What this metal ion may be is not determinate from analysis of the 
pulp solution except by a reverse inference, because it will tend to 
precipitate as fast as it oxidizes and dissolves. Furthermore, analysis 
of pulp solution from such ores is essentially meaningless because of 
continuous and probably rapid change with time. The crucial time 
from the standpoint of rnetathetic collector coating is that directly after 
the addition of collector. A sample taken just before this and im¬ 
mediately filtered will contain ions in various stages of oxidation. 
Filtration will change the oxidation-reduction environment. Hours to 
days will elapse thereafter before the analysis is completed. During 
this time the solution is subject, in ordinary laboratory procedures, to 
oxidation-reduction conditions both unknown and uncontrolled. Final 
analytical results under these conditions can have no indicative value 
as to composition at the time the sample was taken. 


Depression involves more varied operations than activation does, and 
it is directed toward many more minerals—the gangues in shotgun 
fashion; the economic minerals with more precision. The operations 
comprise prevention of activation and removal of activating coatings; 
control of surface opening; destruction of existing collector coatings; 
mechanical blocking of a surface to bubble access; producing a water- 
avid surface; and almost certainly other types of operation not yet 
sufficiently understood to permit summary description. 
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Depressing agents are predominantly ionic, and in general, in depress¬ 
ing minerals normally responsive to the collector, the active ion is that 
of the same sign as the active ion of the collector. The depressants 
most used are alkalis and acids; carbonate, silicate, and cyanide ions 
and, to a much smaller extent, sulphite and chromate ions; and organic 
colloids. A mechanical type of depression is practiced in cleaning 
where, by pulp dilution, reduction of aeration, and in some cases reduc¬ 
tion of frothing agent, differentiation between collector-coated particles 
is effected. In fact, in all cases of differential flotation, even when de¬ 
pressing agents are added, flotation intensity is also decreased by star¬ 
vation addition of both collector and frother and use of minimum 
aeration. 

Study of depression mechanisms is complicated because the same 
reagent may function differently in preventing flotation of different 
mineials, and the same kind of action on a given mineral may be brought 
about by several chemically unrelated reagents. Thus neither mineral 
nor reagent constitutes a distinctive peg on which to hang discussion. 
For that reason the summary descriptions in the second preceding 
paiagiaph are used as the framework of the following study. 

Prevention of activation is typified by common practice in differential 
flotation of lead-zinc ores. In the simplest case, sodium cyanide and 
a \\eak collector are added in the grinding mill and a starvation quantity 
of frother at or just ahead of the first flotation cell, after which galena 
is floated at low machine intensity (see Chap. 17). If the galena is 
sufficiently oxidized to furnish any considerable concentration of lead 
ion, sodium carbonate is added to the grinding mill in sufficient quantity 
to raise the pH to 8.5 ~ 9.5. 

Activation of sphalerite is here prevented in two ways: copper ion 
introduced into the pulp from the ore is complexed by cyanide ion, and 
lead ion is precipitated by carbonate ion. 

The cyanide reacts step-wise as follows: 

Cu++ + e —» Cu+ 

CN~ - c-> | (CN) 2 _ 

Cu ++ + CN~—» Cu+ -+- 4 (CN) 2 

Cu + + 2CN~—» [Cu(CN) 2 r _ 

Cu++ + 3CN~—> [Cu(CN) 2 r + £(CN) 2 

ibis is the common procedure in analytic chemistry to permit precipita¬ 
tion of certain metals as sulphides while maintaining copper in solution. 

It works because the instability constant of the complex is lower than 
the solubility product of copper sulphide (10~ 44 ). The postulated 
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reaction is confirmed by the fact that, when a solution of potassium 
ethyl xanthate, copper sulphate, and sodium cyanide contains more 
than one part Cu++ to three parts CN , it is effective to produce the 
standard 60° contact angle with sphalerite, whereas, if the molar 
quantity of CN added exceeds three times the CU++, the sphalerite is 
not activated. Silver ion is similarly complexed, if present. These are 
the usual accidental activators. Mercury ion, though rarely present 
as a natural activator, also forms a highly stable cyanide complex, but 
this is not stable against sulphide ion because of the extremely low 
solubility of mercury sulphide. Lead ion does not form a cyanide 
complex. Zinc does; one sufficiently stable to be partially effective 
against sulphide precipitation, but much less stable than the copper 
compound. Hence it plays no part in preventing copper activation. 

The action of the carbonate ion with lead is a simple mass-action 
effect whereby the concentration of lead ion is so greatly reduced by the 
large excess ofcarbonate ion in satisfying the solubility product of lead 
carbonate (10“ 14 ) that the residue is insufficient to exceed the solubility 
product of lead sulphide at sphalerite surfaces. 

Removal of activator coatings is in a way the obverse of prevention of 

activation. Thus, since the copper cyanide complex is stable against 

sulphide ion, a copper coating formed on sphalerite before cyanide 

addition should—and does—dissolve as the complex ion when cyanide 
is added. 


Control of surface opening as a method of controlling floatability is 
an obvious means of utilizing the fact that, except for the small group 
of minerals that can be collector-coated directly with hydrocarbon oils 
chemical reaction between an ion of the mineral surface and the collector 
is a necessary part, of the coating operation. Depression may be effected 
hy preventing a naturally closed surface from opening, by closure of a 
surface naturally collector-active, or by overopening. 

1 he usual method of opening a sulphide surface is oxidation. This 
normally occurs spontaneously in the course of grinding through the 
medium of oxygen dissolved in the pulp water. The course of the 
reaction is far from being clearly understood, partly because of ignorance 
as to the probably different states of the metals and the sulphur in 
various mineral lattices. Numerous reports have been made of the 


ions present in aqueous leaches of sulphides, but these, having been 
made by ordinary analytic procedures, give no certain indication of 
surface states at the crucial time of collector coating, winch comes 
anywhere from a few instants after production of a fresh mineral surface 
by grinding to minutes, hours, days, or even months afterward according 
to the preflotation history of the particle. 
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Plante and Sutherland have reviewed the literature of conflicting reports on 
oxidation products and added to it. Reporting on two-day leaches of relatively 
pure minerals, in water which they attempted to keep at a high oxygen level by 
continuous bubbling of C0 2 -free air through the leach suspension, they show S0 4 ” in 
pure-water (pH 6) leaches from galena, pyrite, chalcopyrite, and sphalerite but 
lower sulphoxy ions additionally only with the last. They show ferrous, ferric, and 
cupric ions with all the minerals except pyrite, but with it ferrous only. They 
find no lead in the galena leach or zinc in the sphalerite leach. When the leach 
solution was raised to pH 10 ~ 11 with NaOH, both sulphate and lower sulphoxy 
ions were in the leach solution; lead and zinc ions were found in the solutions from 
their respective sulphides but not ferrous, ferric, or copper, and there were no metallic 
ions in the leaches from the other two minerals. Lifting the pH value of the pyrite 
leach solution to 12 caused a ten-fold increase in the lower sulphoxy ions to a value 
of GOO mg. per li. The quantity of dissolved oxidation products was unaffected by 
particle size but increased with time, as did also the ratio of lower sulphoxy ions to 
sulphate. Plante and Sutherland take this to indicate that oxygen diffusion to 
particle surfaces is the rate-determining factor. Addition to a pulp of freshly ground 
sulphides of the anions produced in their oxidations showed little or no effect on 
xanthate flotation, but the oxidized surfaces themselves were materially affected, 
being rendered less sensit ive to cyanide and hydroxyl. Sulphidizing with subsequent 
reoxidation restored the sensitivity in part. 

With the usual ores oxidation sufficient to open sulphide surfaces 
satisfactorily occurs in the course of grinding, and there is no necessity 
for any particular steps to control oxidation. With massive sulphide 
ores (ores containing only a small fraction of nonsulphide minerals and 
consisting predominantly of iron sulphides) the water in the grinding 
circuit is markedly depleted of oxygen and oxidat ion of iron and copper 
is affected by their copresence, as is also, probably, the oxidation of 
copper by copresence of zinc. Metallic iron from the grinding mill is 
also an important factor in the system, tending to precipitate metallic 
copper which will, under suitable but unknown pulp conditions, plate 
out on galena. The system is a closed book at present, but mill methods 
for control of under- and overoxidation have been worked out. These 
vary according to which mineral it is desired to float and which to 
depress. 

Fresh galena is never sufficiently oxidized in the grinding circuit to 
cause depression, and, if underoxidized as it leaves the grinding mill, 
acquires sufficient oxidation from the fresh water in the classifier and 
from the air introduced during passage from classifier to flotation cell to 
float readily and quickly. Galena that comes to the mill heavily 
oxidized must usually be activated. 

Sphalerite flotation is normally unaffected by oxidation-reduction 
conditions owing to the fact that flotation follows shortly the formation 
of the fresh copper sulphide surface, usually under conditions of plentiful 
oxygen supply. 
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Copper sulphides probably never become overoxidized in a flotation 
pulp, but in massive ores containing considerable pyrrhotite and 
marcasite they may leave the grinding circuit underoxidized. The usual 
activation procedure is air blowing in deep tanks into which the air is 
introduced at the bottom, where the existing pressure of the entering 
bubbles increases the oxygen solution rate and circulation within the 
tank brings water thus saturated repeatedly to lower-pressure regions 
nearer the top of the tank, where gas precipitation onto particle surfaces 
tends to occur (see Chap. 16). Copper sulphides are never purposely 
depressed by either under- or overoxidation. 



- >-pH - >— pH 

Fig. 1 . Effect of p\l on Fig. 2 Critical-pH curve, 

flotation of pyrite. 


The iron sulphides differ markedly in resistance to oxidation. Clean 
crystalline pyrite is difficult to oxidize, pyrrhotite oxidizes easily, and 
marcasite is usually intermediate, but some varieties, probably influenced 
by impurities, oxidize with great rapidity. Since heavily oxidized 
surfaces float reluctantly, preferential separation between pyrite and 
pyrrhotite can be and is effected by depressing the pyrrhotite by air 
blowing as described in the preceding paragraph. When flotation of 
pyrrhotite with pyrite is desired, reducing conditions should be main¬ 
tained in the grinder, at least overoxidation should be prevented, and 
actual flotation then be preceded by a brief period of intense aeration. 

Closure of surfaces that are naturally collector-active is illustrated by 
the use of hydroxyl ion to depress pyrite in copper and copper-activated 
sphalerite flotations with sulpbydrate collectors. Flotation tests with 
pyrite with fixed concentrations of such collectors at various p\l values 
give curves of the general invertcd-U form shown in Fig. 1, in which 
the maximum is somewhat below />II 7 and tin- breadth of the maximum 
is greater the more powerful the collector and the larger the quantity 
added. Contact-angle testing with different minerals by a method 
devised by Wark and Cox yields results which plot as in Fig. 2, in which 
the curve marks the change from bubble attachment on the left to failure 
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of such attachment on the right. The form of the curve is the same for 
all the common sulphide minerals. It is located furthest to the left with 
pyrrhotite and furthest to the right with the copper minerals (and with 
copper-activated sphalerite). For a given mineral it is furthest to the 
left with the weak collectors and shifts gradually to the right as hydro¬ 
carbon loading of a given type of active ion or the flotation activity with 
the mineral of ions of the same hydrocarbon loading increases. 

The shape of the curve of Fig. 2 suggests the inference of an inverse 
relationship between some functions of the two coordinates. Barsky 
showed that for ethyl xanthate and galena the curve conforms to the 
equation 

[EtX“] [H+] = K 


whence, since [H + ] [OH ] = 10 14 in aqueous solutions, and since the 
form of the curve is the same for all collectors in the class, the general 
relation 

[Collector ion - ] = X Co iiector[OH - ] 


is indicated, which is, of course, a straight line. It follows that for any 
given mineral and given collector concentration there is a critical pH 
value above which bubble attachment will not occur—nor flotation under 
the conditions prevailing in the contact-angle tests.* 

The mechanism of surface closure of heavy-metal sulphides by 
hydroxyl ion is not established. Existing evidence indicates that it 
may differ with different minerals. With the iron minerals and sul- 
phydric collectors it is almost certain that what is commonly called 
ferric hydroxide plays a primary role. Oxidation of ferrous ion is 
extremely rapid in alkaline solutions, and ferric hydroxide is highly 
insoluble ( K SP = 10 —3G ) and precipitates circa pH 2 and upward. In 
a solution even as slightly alkaline as pH 9 the concentration of hydroxyl 
ion is 10 —5 m.p.l. and the concentration of ferric ion is 


[Fe+++] 


10 -3G 10 -36 

[oh - ] 3 “ [icr 5 ] 3 


10 21 m.p.l. = 5.7 • 10 17 mg. per li. 


Assuming the solubility of ferric ethyl xanthate to be as low as that of 
lead ethyl xanthate ( K SP = 5 • 10 1G ; s = 3.6 mg. per li.), which is not 
indicated by the evidence available, its solubility product would be 
5-10 —21 . To effect precipitation of ferric xanthate at pH 9 would, 


* Critical pH values under the artificially simplified conditions of contact-angle 
tests are not dependably translatable to the complex conditions prevailing in actual 
flotation operations. The reasons will appear as these conditions are developed 
further. 
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therefore, require a concentration of potassium ethyl xanthate of about 
250 gm. per li. At well below such concentrations lead ethyl xanthate 
dissolves in the alkali xanthate solution, probably with formation of a 
lead xanthate complex ion. Assuming a similar behavior of the ferric 
xanthate, the remedy would defeat itself. 

Myers has shown that, when a dewatered bulk float of chalcopyrite 
and mixed iron sulphides, collector-coated with about 0.2 lb. per ton of 
ethyl xanthate, is thereafter brought to pH 11.0, about half of the 
original xanthate ion is recoverable from the solution. Thereafter the 
copper mineral may be floated preferentially. The inference is that the 
hydroxyl ion has displaced xanthate ion from a ferric xanthate coating, 
forming ferric hydroxide, whereas copper xanthate coatings were 
unaffected, owing to the higher solubility of the copper hydroxide. 

Ferric hydroxide has a strong tendency to form colloidal sols on pre¬ 
cipitation, the micelles of which are believed to be chains of Werner-type 
complexes in which both water molecules and hydroxyl ions are co¬ 
ordinated and with which an acidic ion (Cl - , S0 4 ", etc.) is associated. 
In view of this fact the possibility of a coating of such micelles on iron 
sulphide particles, forming a water-avid surface, cannot be excluded. 

The critical pH value for galena with 25 mg. per li. of potassium ethyl 
xanthate under contact-angle test conditions is 10.4. Above this pH 
crystalline lead ethyl xanthate dissolves. The solution gives a test for 
xanthate ion with copper ion (yellow precipitate of cuprous xanthate) 
and for lead ion with sulphide ion. Since lead is one of the group of 
metals that forms amphoteric hydroxides, the presumption is that the 
solution reaction is 


er 


Pb(EtX) 2 + GOH - —+ [Pb(OII) 6 r + 2EtX“ 

the instability constant of the lead hydroxyl complex ion being low 
than the solubility product of lead ethyl xanthate. 

Cyanide is a powerful depressant for the iron sulphides against 
sulphydrate collectors, but it is not normally used for this purpose 
commercially except in the relatively rare instances where a pi I greater 
than 10 to 10.5 cannot be tolerated for the separation. Against oleate as 
a collector it is doubtful whether cyanide has any practical effect other 
than as an inefficient means of producing a given degree of alkalinity. 

1 he mechanism of cyanide action with the iron minerals has to be 
inferred from the weight of a variety of indirect evidence dealing with 
cyanide and hydroxyl ions and their interrelations, ferrous and ferric 
ions in unknown amounts and proportions, and the relative solubilities 

of the reaction products of the iron ions with the above anions and with 
collector ions. 
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The evidence points to a cyanide-iron reaction which goes forward 
in the absence of collector and changes the normal sulphide particle- 
water interface in a way and to an extent that survive transfer from 
cyanide solution to water and are effective against a sulphydrate collector 
like ethyl xanthate in normal concentrations, but have no effect against 
sodium oleate. The evidence for this is that pyrite conditioned 5 min. 
in a solution of 100 mg. per li. of potassium cyanide, removed, rinsed in 
tunning tap water, and thereafter tested in solutions containing, respec¬ 
tively, 25 mg. per li. of potassium ethyl xanthate and 30 mg. per li. of 
sodium oleate gave zero contact angle with the xanthate and 85 ~ 90° 
with the oleate. 

The nature of the reaction and/or its extent differ with the collector, 
thus with 100 mg. per li. of potassium cyanide, and with xanthate 
or oleate in the same proportion as above, at pH as falls (= 10.4) 
contact angle was zero in both cases, but when the particles were rinsed 
and tested in plain water the particle from the xanthate solution still 
failed to contact a bubble, whereas the particle from oleate solution 
made strong contact with a 90° angle. 


The effect of the cyanide solution with oleate is largely but possibly not wholly 
due to hydroxyl ion formed by hydrolysis of the cyanide salt. Thus at pH 10.4 
the angle of pyrite with oleate is zero, whether produced by 100 mg. per li. of KCN 
or by NaOH in the absence of KCN. However, when 200 mg. of KCN per li. and 
H 2 SO 4 to bring pH down to 8.5 was used with oleate, the contact angle was 50°, 
whereas at the same pH in the absence of cyanide the angle was 79°. A somewhat 
parallel series of tests with xanthate showed zero angle with 100 mg. per li. of KCN 
and 25 mg. per li. of KEtX when the solution was brought to pH 8.4 with II 2 SO 4 ; 
zero angle when the particle was tested in water (pH 6.5 ~ 7) after rinsing; zero 
angle when KEtX in quantity sufficient to bring concentration up to 25 mg. per li. 
was added to the water; but 60° when the particle was removed, repolished, and 
returned to this xanthate solution. Here the cyanide effect is clearly not due to 
hydroxyl ion, since pH was always below the critical value of 10.5 for pyrite in ethyl 
xanthate solution. Also the effect was a change in the particle surface and was 
sufficiently deep-seated to survive lowering of cyanide-ion concentration in the sur¬ 
rounding water substantially to zero for an interval of at least 5 to 10 min. 

It is well established in cyanide chemistry that cyanide ion reacts with ferrous 
ion in aqueous solution to form the complex ferrocyanide ion [Fe(CN)6]~ 4 * With 
ferric ion the reaction is 

Fe +++ + 3KCN + 3H 2 0 — 3HCN (g) + Fe(OH) 3 (s) + 3K + 

This is stable against sulphide ion and against strong acids. The ferricyanide ion 
forms in aqueous solution only by oxidation of the ferrocyanide ion. Ferric ion will 
serve as the oxidant. When ferric ion is added to a solution of ferrocyanide ion, a 
blue colloidal precipitate forms which is probably predominantly a mixture of 

Fe'"K[Fe"(CN) 6 J, Fe // K[Fe ,,, (CN) e ], Fe 4 /// [Fe // (CN) 6 ] 3 , and Fe 3 "[Fe'"(CN) 6]2 
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and which is a sol when the concentrations of reactants are low, and is a gel at hieh 
concentrations. The colloid is insoluble in strong acid but forms a colorlets solution 
with strong alkali from which it reprecipitates on acidification. 

PI A P plyI " g these facts to a system of an iron sulphide in cyanide solution, using the 
Plante and Sutherland results on oxidation, it follows that ferrocyanide ion must be 
formed with ferrous ion present on the mineral surface. Ferrocyanide ion added as 
alkaline ferrocyanide is a depressant for pyrite against ethyl xanthate. There must 
be ferric ion present there too because otherwise the surface would not xanthate- 
coat. Ihree alternatives of action are thus presented: 

1. The ferric ion is reduced by the ferrocyanide ion, and the surface is thus denuded 
of anchors for xanthate ions. 

2. The ferric ion both reacts and combines with the ferrocyanide ion to form a 
surface coating of hydrophilic colloid of lower solubility than ferric xanthate 

3. A combination of (1) and (2) occurs. 

The simple depletion hypothesis is rendered untenable by the carry-over of the 
cyanide depression effect on a rinsed particle introduced into cyanide-free xanthate 
solution. Simple removal of the iron from the surface as soluble ferrocyanide ion 
either would leave sulphoxy ions on the surface balanced by alkali ions or would 
cave unoxulized pyrite. In either case the surface would undergo further oxidation 
in the xanthate solution and so become susceptible to xanthate coating. 

Hypothesis 2 is consistent with all the facts cited, but proof requires a showing 
that xanthate ion is not abstracted from solution by pyrite in the presence of either 
cyanide or ferrocyanide in solution, and/or that xanthate ion will neither precipitate 
ferric xanthate from the suspended sol nor he decomposed by it. 

It probably should be shown also that ferrous and ferric oleates are less soluble 
than the hydrophilic colloid. No data are available on the solubility of the colloid 
in alkaline solutions of the relatively low OH" concentrations of the contact-angle 
tests; but, if it forms at a pyrite surface in cyanide solution, it is certainly more 
soluble than one or both of the iron oleates, since pyrite is oleatc-coatcd in such a 
solution. Furthermore one or both of the iron oleates is probably less soluble than 
ferric hydroxide, which must be competing for the pyrite surface under the condi¬ 
tions prevailing in solution at pH 10.4. This would seem to indicate the solubility 

P rr‘ UC ^ ° f the col,oi<1 — or at “ part of it—at a value > 10- 36 (solubility product 

of *e(OH) 3 ] and < 10 16 or 10 17 , which is probably the general order of the solu- 
bility product of ferric ethyl xanthate. 

Hypothesis 3 has in its favor that, if hypothesis 2 is valid, hypothesis 1 is probably 
true to the extent that a certain amount of ferric ion is necessary for formation of the 
colloid. The most that can be said on the basis of the facts available is that all are 
consistent with hypothesis 3, but that more information is needed before a final 
statement of mechanism is justified. 

When a given sulphide mineral in a sulphydric-collector solution of 
given kind and strength is tested for bubble attachment with variations 
in concentration of alkali cyanide and pi I, critical contours are derived 
for each combination of mineral, collector, and collector concentration. 

'I hose have the general distorted-S shape shown in Fig. 3 . Within 
limits of experimental error the concentration of cyanide ion in the 
solution is constant along this critical contour. In other words, the 
contour for a given mineral-collector combination is an approximate 
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representation of the relation 


[CN~] (K w + K tt [ OH-]) 
K a [OH~] 



where K a is the ionization constant of hydrocyanic acid, K w is the 
ionization constant of water, [CN — ] is a critical cyanide-ion concentration 

for a given combination of mineral, collector, 



and collector concentration, and y is the 
molar concentration of cyanide salt required 
for depression. 

Here again, as was the case with hydroxyl 
ion, the position of the curve for a given min¬ 
eral moves toward the right with increasing 
strength of collector and with increasing con¬ 
centration of collector. For a given pH the 
relative ordinates of the curves for two min¬ 


Fig. 3. Critical cyanide- 
concentration curve. 


erals determine their relative susceptibilities 
to cyanide under the conditions of the conlobcl- 
angle test. 


Equation 1 has definite economic implications to the user of cyanide ion because 
of the difference in price of that ion and of hydroxyl ion. Solution of the equation 
to determine the concentration of CN — available from a fixed quantity of NaCN 
added at various pH’s from 7 to 12 shows that the concentration of CN — is increased 
by a rise in pH from 7 to 8 by about 50 times the quantity of NaOH required for the 
rise, 34 times for the lift from pH 8 to pH 9, 6 times for the lift from pH 9 to pH 10, 
two-tenths for the lift from pH 10 to pH 11, and two-thousandths for the lift from 
11 to 12. Since it is the concentration of CN“ that determines its availability for the 
flotation service required of it, it is apparent that up to pH 10 the requisite concentra¬ 
tion can be obtained much more cheaply by a combination of sodium cyanide and 
sodium hydroxide than by the cyanide salt alone—and still more cheaply in com¬ 
bination with lime. On the contrary, to attempt to gain cyanide-ion concentration 
by raising pH from 11 to 12 would be just as clearly uneconomic with present reagent 
prices. Between pH 10 and 11 determination of the minimum cost requires closer 
figuring. 


Sulphide ion is effective in closing heavy-metal-sulphide surfaces 
against all usual anionic collectors, but it is nonselective and is, there¬ 
fore, not used commercially as a depressant. 

Sulphite ion is used to a limited extent in place of cyanide ion for 
depression of sphalerite and pyrite. Since the ion forms complexes with 
the metals of the first and second subgroups of the periodic table (Cu, 
Ag, Au, Zn, Cd, Hg), it has been suggested that in depression of sphalerite 
it acts as the cyanide ion does. Levine concluded that in depressing 
pyrite the mineral surface is closed by a coating of ferric sulphite in the 
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pH range 6.4 ~ 8.2, and by a basic ferric sulphite at higher pH. He 
found that these ions, within their respective pH ranges as above prevent 
bubble attachment to pyrite with ethyl xanthate and destroy bubble 
attachment at a pyrite surface originally xanthate-coated. 

Destruction of existing collector coatings in order to depress one or 
more minerals from a bulk float is practiced in a variety of separations 
by several procedures. Bulk floats of copper sulphides and molybde¬ 
nite made with sulphydrate collectors are heated to temperatures in the 
neighborhood of 212 deg. F. either by prolonged treatment of the con¬ 
centrate pulp with live steam or by drying with hot flue gases; this 
destroys the sulphydrate collector coating by decomposing the collector 
ion, whereupon the molybdenite can be floated selectively, using hydro¬ 
carbon oil as the sole collector. Sphalerite or chalcopyrite may be 
depressed from bulk floats with galena by cyanide ion, which destroys 
the copper xanthate coating on the sphalerite surfaces by complexing 
the copper ion. In general cyanide-ion concentrations must be higher 
than in initial depression of sphalerite, and the principal problem is to 
balance pH between the demand for economy in consumption of cyanide 
salt and the critical 7^11 for galena. Galena may be depressed from the 
same bulk floats by use of alkali dichromate, which forms a lead dichro¬ 
mate coating on the galena and at the same time destroys sulphydrate 
collector coatings, in part at least, by oxidation. The pretreatment 
time required for effective depression of the galena varies greatly with 
different ores and may amount to several hours. 

Mechanical blocking of surfaces to bubble access occurs when multi- 
molecular particles of solid are adsorbed in a dense film at a collector- 
coated surface. It occurs naturally with some ores (see “Slime coating,” 
P- 265). It is produced purposefully with others by the use of organic 
colloids. It is probably a part of the mechanism in depression with 
hydroxyl and cyanide ions. 

The way in which organic colloids attach themselves to solid surfaces 
is not established. It probably differs with different colloids and 
different surfaces. The glue-type colloids are amino acids, i.e., com¬ 
pounds of the general formula 


II II H 

I \ / 

R—C-N—II 

i : 
c—o 

II 
o 
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in which the dotted line indicates capacity to react either like the tetram- 
monium ion of a quaternary ammonium halide: 



\ x 

N-ci 

/ \ 

R H 


or like the carboxyl group of a fatty acid: 



O 

or both. If the reaction is single, i.e., with one end only, the mineral 
reacted with will have an ionized and hence water-avid coating. If the 
leaction is double, the effect may be a linking of two mineral species, 
with the result that the coarser particles of one become coated with 
slimes of the other. this could explain the marked intensification of 
slime coating that has been observed frequently when glue is added to 
a pulp. Other colloids of the general glue type are gelatin, albumin, 
dried blood, casein, and whey. 

Starch has the general formula (C 6 Hi 0 O 5 ) n , where n is of such mag¬ 
nitude as to produce molecules of 50,000 to 100,000 molecular weight. 
Hydrolysis or heating splits the molecules into smaller units called 
dextrins. Starches from different plants have different properties, and 
the dextrins produced from them differ according to the starch and the 
method of degradation. The soluble starches and dextrins used as 
depressants form colloidal sols in dilute suspensions, i.e., charged 
particles. 1 heir adhesion to mineral particles is probably an electro¬ 
static phenomenon not of the definite character implied in the phrase 
ionic reaction. 

Tannic acid (tannin) and quebracho extract are or contain large 
complex molecules of polyhydroxy carboxylic acids analogous to a loose 
bundle of highly branched shrubs of which stem and branches are hydro¬ 
carbon chains and the terminal flowers are carboxyl and hydroxyl 
groups. The molecular weights of the bundles are large enough to 
prevent solution. They react with some metal ions, notably iron, to 
form insoluble wettable compounds as inks. 

The principal uses of the organic colloids is for depression of graphite, 
and of micaceous and talcky slimes in sulphide flotation, and to a lesser 
extent for slime depression generally in soap flotation of nonmetallic 
minerals. Starch has been recommended as a specific depressant for 
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molybdenite. Excesses normally depress all solids. The action in all 
cases of depression of particles normally floatable in the pulp envi¬ 
ronment probably involves mechanical blocking of bubble access to 
collector-coated surfaces. 

Production of a water-avid surface is, of course, another way of 
describing the action of the organic colloids. It also fits the experiment 
cited in Chap. 14 wherein galena was coated with dihydroxydiphenyl- 
thiourea, but this type of depression has not been used commercially. 

Depression of gangue minerals is, in effect, another way of phrasing 
the omnibus clause that concludes the first paragraph on the subject of 
depression, appearing on page 267. In the flotation of nonmetallic ores 
it is demonstrable that some gangue depressions involve the same kinds 
of mechanisms that are utilized for depressing sulphides in sulphide 
flotation, e.g., prevention of activation and control of surface opening. 
But in general, for crudes with nonmetallic gangues, where gangue 
depression is normally accompanied by a marked change—either increase 
or decrease—in gangue dispersion, very little investigation of mechanism 
has been attempted and successful results have been even more meager. 

It has developed, however, in all cases that have been investigated, 
that high dispersion is accompanied by Brownian movement of the 
dispersed particles—and of particles of the same mineral too coarse to 
stay in suspension—and that such motion correlates with pulp con¬ 
ditions that would produce a relatively insoluble ionized surface layer 
at the dispersed-particle surface. Thus galena in water is nondispersed, 
but addition of carbonate or silicate ion produces dispersion. The lead 
sulphoxy compounds are too soluble to maintain the required anchorage; 
the lead carbonate and silicate are both much less soluble even in the 
absence of their respective ions in solutions, and with excess of these 
ions the solubilities of the corresponding surface coatings can be driven 
back to any desired degree. A certain amount of solubility is, however, 
denoted not only by dispersion and Brownian movement, but also by 
the fact that the surface can be coated with ethyl xanthate. When this 
occurs, Brownian movement and dispersion cease and flocculation 


ensues. The surface closure eliminates the surface charging that had 
prevented or resisted particle-particle contact. Such contact, without 
such resistance, results in adhesion through forces not yet defined. 
Zinc sulphide acts similarly with arsenate ion, and here the presence of 
the arsenate ion at the surface has been established, in this case it 
was also shown that removal of the ion either by electrolysis or by 
solution caused flocculation. 


An ionized surface is, of course, highly water-avid and consequently 


not susceptible of bubble attachment (see Chap. 10). The Brownian 
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motion of the smaller nonsuspended particles above cited supports the 
inference that their surface is of the same character as that of the sus¬ 
pended particles, and this leads to the further inference that the surfaces 
of all particles of the same mineral in the pulp have the same wettable 
surface. 

The dispersing and depressing action of silicate ion on quartz and the 
silicate minerals is attributed to sufficient suppression of the solubility 
of silicate compounds at the mineral surfaces to cause dispersion and 
thereby prevent mechanical entrapment of floccules in the froth. It 
also, probably, closes the surface sufficiently to prevent ready activation. 
Hydroxyl ion in low concentrations is also a dispersant for quartz and 
silicate minerals, but the mechanism is not established. Carbonate 
ion supplied by soda ash, the usual carbonate-ion carrier—disperses 
calcite, some silicates, and some iron oxide slimes. Calcite depression 
probably occurs by a mechanism similar to that of silicate ion with sili¬ 
cates. Presumably the hydroxyl ion resulting from hydrolysis of sodium 
carbonate is effective for the silicates. The iron oxide slimes are such 
complex mixtures that a postulate of mechanism is the merest guess, but 
such guessing would certainly include ferric hydroxide formation. 

It is unfortunate that the commonest dispersants—sodium carbonate, 
sodium silicate, sodium phosphate, and sodium cyanide—are all salts 
of weak acids, so that two anions are always present as possible active 
factors. 

Strong acids (sulphuric, normally, from economic considerations) were 
used for gangue depression in the early days of sulphide flotation when 
oleic acid was used as a collector. They were effective against both 
siliceous and carbonate gangues, but consumption was so high with the 
latter that ores with such gangues could not be treated commercially. 
Acids were also used with clayey slimes in the early days of xanthate 
flotation, but consumption of xanthate was so high that alternative 
depressants had to be found. 

The way in which the acid functioned has not been established 
experimentally. It has been shown that it stops Brownian movement 
of quartz, which means that it either closes the quartz surface or opens 
it excessively. The indicated reaction of quartz with water is 

SiO z + H 2 0 H+ + HSi0 3 " 

The solubility of the silicic acid is low enough to prevent more than a 
minute amount of solution, so the quartz holds a coating of the ionized 
acid, one of the ions being bound and the other forming a double layer 
in the adjacent water. The effect of acid on such a layer would be to 
drive back the ionization by raising the concentration of hydrogen ion. 
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Hence, activation by calcium or iron ions, either of which would cause 
flotation with oleic acid, was prevented. This is not improbably the 

With the silicate minerals, on the other hand, the first effect of strong 
acid is probably to leach out the bases and leave a coating of silicic acid; 
thereafter the effect of further acid would be to close the surface, as 
with quartz. 

With calcite, siderite, or rhodochrosite gangues the probable effect of 
strongly acid pulps was to prevent formation of the metal oleates, since 
these are readily decomposed by strong solutions of strong acids with 
precipitation of oleic acid. When hydrogen-ion concentration was 
lowered, however, by formation of carbonic acid and subsequent forma¬ 
tion of C0 2 and water, the metal oleate formed and depression ceased. 

The only reported correlation in the use of acid to depress clayey 
slimes in sulphide flotation is the observation that with certain ores, 
but not all, with which acid was effective, the sulphides were strongly 
slime-coated without acid addition and recovery was low, whereas with 
acid, recovery was improved and the float particles were markedly less 
slime-coated. 

Activation and depression in nonmetallic flotation have not yet (1950) 
advanced to the point even of definite correlation of kind of effect with 
the reagent added, let alone to determination of the mechanism. About 
the only generalizations extant are: Deslime most feeds as thoroughly 
as possible. Use an alkali buffer (soda ash or sodium silicate) with 
anionic collectors and sulphuric acid to pH’s in the range from 3 ~ 5 
with cationic collectors. Essentially this latter practice is followed in 
order to make the collector ions readily available. Use relatively large 
quantities of silicate ion, sulphuric acid, or organic colloid for cleaning, 
purely on a cut-and-try basis. When everything else lias failed, try 
hydrofluoric acid, calcium hypochlorite, alum or aluminum chloride, or 
hexametaphosphate. Chance is as good as anything else to determine 
the order of such trials. 


Review questions 

!• Define: depression; activation; resurfacing; massive sulphide ore; critical 
pH; critical cyanide-ion concentration; glue; starch; dextrine; tannin; quebracho 
extract; slime coating; opening of a mineral surface. 

2. Explain why it is usually necessary to use reagents additionally to collectors 
in order to effect selective collector coating. 

3. Give the experimental evidence for the postulate that activation of sphalerite 
with copper sulphate involves the reaction 

Cu + + + ZnS — CuS + Zn ++ 
and point out the bearing of each fact on the conclusion. 
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4. What ions other than Cu activate sphalerite? 

5. Why is it necessary to use a higher concentration of lead ion than of copper 
ion for sphalerite activation? 

6. Give two examples of accidental activation. 

7. What is the probable state of the surfaces of the sulphide minerals in a natural 
flotation-feed pulp? 

8. Name the general classes of depression operations. 

9. Name the common classes of depressing agents. 

10. What is mechanical depression and where is it practiced? 

11. What is the general procedure in differential flotation of galena from a lead- 
zinc ore and what is its chemical basis? 

12. What reagent is used to prevent lead activation of sphalerite and how does it 
do this? 

13. Name the methods of control of surface opening. 

114. Analyze the Plante and Sutherland report on sulphide oxidation in the light 
of your own experimental experience. 

15. What procedure is used for activating overoxidized galena? 

16. Why does the extent of sphalerite oxidation in the normal flotation of sphal¬ 
erite with sulphydric collectors have no effect? 

17. What method is used for activation of copper sulphides in massive ores? 

18. What effect has pressure aeration on flotation of pyrrhotite? 

19. Show by a curve the usual effect on recovery of sulphides with change of pH. 

20. Show by a curve the usual effect of pH on the amount of collector required for 
sulphide flotation. What factors affect the position of these curves relative to the 
axes? 

f21. Give an equation relating necessary concentration of collector for a given 
sulphide to concentration of hydroxyl ion. 

22. State the usual postulate covering surface closure of iron minerals against 
sulphydric collector by hydroxyl ion. 

|23. Calculate the concentration of ferric ion in a solution of pH 8. (Take the 
solubility product of ferric hydroxide at 10“ 36 .) 

24. Write the reaction for formation of the yellow precipitate obtained by mixing 
copper sulphate and ethyl xanthate solutions. 

25. Give the postulated mechanism for depression of galena by hydroxyl ion; 
for depression of iron sulphides. 

|26. Write the equation for formation of ferrocyanide ion. 

f27. What is the direct reaction between ferric ion and a solution of an alkali 
cyanide? 

f28. State the hypotheses for cyanide depression of iron sulphides when using 
sulphydric collectors. 

t29. Calculate the quantity of sodium cyanide alone required to raise the pH of 
distilled water from 7 to 9. What is the concentration of the cyanide ion in the solu¬ 
tion at pH 9? W’hat quantity of sodium cyanide must be added to give this same 
concentration of cyanide ion at pH 9 if hydroxyl ion is supplied by NaOH, and how 
much NaOH must be added? Plot a curve of cost of a given concentration of cyanide 
ion at whole-number pH values from 7 to 12, taking current market prices of sodium 
cyanide and sodium hydroxide. 

30. State the hypotheses of mechanism in depression of sphalerite and of pyrite by 
sulphite. 

31. Give three instances of depression by destruction of existing collector coating. 
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32. Explain depression by mechanical blocking of bubble access. 

33. What is the principal use of organic colloids in sulphide flotation? 

+34- What conclusion as to gangue depression follows from the observed correlation 
of such depression with gangue dispersion? 

35. State the postulates of mechanism in depression of quartz and of silicate 

gangues by strong acids in fatty-acid flotation; of the failure in depression of car- 
bonate gangues. 

36. State the postulates offered for the cause of slime coating. How does slime 
coating prevent bubble attachment? How is slime coating prevented? 

37. Under what circumstances is sulphide ion used as an activator for heavy- 
metal minerals? 

38. Explain the action of sodium sulphate in aiding flotation of barite with 
laurylamine hydrochloride. 

39. Explain how cyanide ion depresses copper-activated sphalerite. 

40. Explain the effect of high pH in depressing iron sulphides from a bulk float of 
copper and iron sulphides. 
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Chapter 16 

FLOTATION III: 

BUBBLE ATTACHMENT 

Selective bubble attachment is the heart of the flotation process; 
once it is effected, gravity completes the separation very simply. The 
basis of selectivity has been discussed. This chapter deals with the 
nature of the attachment and the methods of bringing it about. 

The bubbles of interest in flotation are macroscopic gas-filled holes in 
pulp. A captive bubble is one constrained by mechanical forces to the 
extent that it can be moved around in the liquid as desired in nullifica¬ 
tion of gravitational forces. The essential part of the control apparatus 
is a small glass cup fused onto a glass rod serving as a handle. When 
this is held vertically cup-end down, a bubble can be blown onto it 
with a curved medicine dropper and held captive. A suitable mechanism 
with two- or three-way vernier-controlled motion is used for test work. 
Observation is best made on the ground-glass screen of a short-focus 
camera with illumination through a parallel-sided glass cell in which the 
bubble and a mineral specimen are immersed in the test solution. De¬ 
tails of test methods and one form of apparatus are given in Appendix, 
Exp. 12. 

When a captive bubble is brought into pressure contact with a polished surface 
of a mineral particle in aqueous liquid, one of three things occurs. If the mineral 
is not a solid hydrocarbon, if the surface was clean on introduction to the test liquid, 
and if this liquid contains no organic material, the bubble may be pressed against the 
particle surface and left there indefinitely, yet when it is backed away it peels off 
smoothly. This behavior is called zero angle. If the particle is, say, galena, and the 
test, solution contains, say, 25 mg. per li. of potassium ethyl xanthate, a change in 
bubble conformation occurs almost as soon as the bubble is deformed by pressure 
against the particle surface, and when the holder is backed away the bubble adheres. 
The strength of the adhesion differs according to the system and is indicated by the 
magnitude of the equilibrium angle measured through the liquid between the tangents 
to the particle surface and the gas-liquid interface at the three-phase contact line. 
This angle is called the contact angle. In the system specified it is 60 2° (see 

Fig. 1). If the xanthate solution is more dilute, say 1 mg. per li., and the test is 
made directly after introduction of the galena particle, several minutes of contact 
time (called induction time) are required to develop adhesion of the bubble, but in 
time the full contact angle characteristic of the system components develops. 

The sequence of visible events in development of a contact angle may be followed 
by arranging a microscope so that its field is the bottom of the test bubble viewed 
from the bubble interior. (A long-focused binocular microscope on a universal arm 
set to view at a downward angle through cell and bubble w r all will serve.) With the 
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Fig. 1. A giis-liquid- 
solid contact angle. 


bubble not yet touching the mineral surface, a curved reflecting surface without color 
and properly .dent,fled as the a.r-water interface at the bottom of the bubble is seen 
When the bubble touches the flat particle surface, the 
curvature of the bottom interior surface decreases, but 
curvature is still continuous over the bottom and up the 
side wall. Shortly, with increased pressure, interference 
rings appear, centering on the lowest part of the bubble. 

Thereafter, without further approach of the bubble, the 
interference colors undergo a cycle of change culminating 
usually in a series of irregular patches not exhibiting in¬ 
terference, and having the luster and color of the mineral 
surface. The patches grow and merge until finally a circu¬ 
lar lustrous surface with the bubble wall rising from it at 
a definite angle develops and persists. 

\\ hen such a contacting bubble is suddenly cooled to condense water vapor from 
the interior, a part of the condensate collects in droplets on the solid surface. These 
make definite contact angles with the surface, confirming that the lustrous surface 
that appeared with disappearance of the interference colors is the collector-coated 
mineral surface—not a liquid film so thin as to show no interference. Thus Fig. 1 
is completely verified. 

Induction time is not improbably explained by a correlation proposed by C. G. 
Myers. He found that collector ions on collector-coated particles in water are not 
xed in position, but migrate along the particle surface from regions of higher to 
regions of lower concentration. He postulated that when a bubble is squeezed 
against a surface on which the average collector-ion concentration is too low to cause 
immediate contact, collector ions which randomly move into the thin part of the 
iquid layer arc held there by attraction for and by gas molecules in the bubble, 
iffusion pressure refills the depleted region. More ions then migrate under the 
ubble central portion until concentration there builds up to the point that the at¬ 
tractive force between bubble gas and collector ions squeezes out the liquid and 
contact occurs. Support for the postulate lies in the fact that if the contacting bubble 
is removed and immediately reimposed at the same or a different spot, an induction 
interval is aguin necessary. 

I he contact angle was well known long before flotation was discovered 
and the forces that bring it about were recognized as those manifestations 
of intermolecular attractions which arc grouped under the name surface 
tension. Owing to the cursory and conflicting treatments accorded this 
phenomenon in many textbooks of physics and physical chemistry, and 
the ignorance of authors who have attempted application to flotation sys¬ 
tems, a summary of the topic as it applies to flotation is dictated here. 

Familiar manifestations of surface tension are the roundness of drops 
of liquid unsupported in a gas and of free gas bubbles in a liquid; the 
amiliar parlor trick of floating a needle—greased, it must be—on water 
ln a dish; overfilling a tumbler with water—the rim of the tumbler 
must be greasy; the various things that children do with soap bubbles; 
t e rise of liquid in a small-bore tube dipping into it—the rise is much 
oss if the bore is greasy and the liquid water; the meniscus at the top 
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of the liquid column in this tube and the rise of liquid generally 
against the walls of a containing vessel—but mercury turns down 
at the walls of a glass vessel; pendent rounded drops on the tip of a 
burette, etc. 

Analysis of these examples brings out that in every one cited a gas- 
liquid interface is present; that it is curved; and that in several of them 
the ordinary laws of gravity and of hydrodynamics do not seem to apply. 
The inference is that in every case there is a force acting that is inde¬ 
pendent of gravity, density, liquid viscosity, and liquid momentum, 
and that in the example of the floating needle, at least, this force is 
resident in the gas-liquid interface. Furthermore, the correlation 

between liquid-surface curvature and the 


D \\ Liquid 


C W 




liquid-gas interface. 


? manifestations of this force is so general 
I that, even in view of the small number of 
/ instances cited, it cannot be dismissed 
/ arbitrarily. 

yS One method of examining the effects of 

Fa —Liquid curvature of a liquid-gas interface follows. 

a- -{) * Let AB, Fig. 2, be such a surface and CD 

\\^ b e a hypothetical tube within the liquid 

through which liquid could flow without dis- 
Fig. 2. A section of a curved turbance of the remaining liquid mass, e.g., as 
liquid-gas interface. though all the liquid were frozen except that 

within the tube. Liquid does not so flow; 
hence equilibrium must prevail across every section of CD. If the 
support of the hypothetical tube walls is neglected, the only external 
forces acting are atmospheric pressure p a and gravity. The difference 
in atmospheric pressure between C and D is negligible, wherefore there 
is a resultant pressure at C which exceeds that at D by the amount pgh. 
If the end C of the tube were shifted to a distance h above D, equilibrium 
would similarly obtain, wherefore there must be a similar pressure at D. 
Further, since all external forces have been accounted for, this pressure 
must arise from causes within the liquid. 

This additional pressure is generally attributed to intermolecular 
forces which are, in turn, ascribed to statistical displacement of the 
centers of the positive and negative electrical fields of the atom groups 
comprising the molecules of the liquid. These forces are attractive 
in liquids under normal pressures. They are the forces that resist 
evaporation. They are balanced in the interior of a liquid, but at the 
surface, owing to the markedly lower concentration and consequent 
greater spacing of molecules outside the surface, there is a resultant 
inward pressure. 
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of C a°h^u!d -^r 11 POrti ° n ABCD ’ Fig - 3 ' ° f the curved surface 

simplicity^let the bon‘T “ ““‘“f* “ gaS - For m -t'«matical 

.? lGt f the boundi ng curves intersect at right angles Take R , 

Of CB ra t U t 3 ii f he UrVatUre C , UrVed boundar y DC, and H, as the radius 

heat loss or vertical displacement “ d ' aSSUImng D ° 

of the mean position of the mass, 
there will have been an equivalent 
gain in potential energy. On the 
basis of the suppositions made, the 
energy gain must have been due 
solely to the change in surface area, 
whence it follows that 


& 


W = A A 


( 1 ) 



Fio. 3. A small sector-like portion of a 
body of liquid surrounded by a gas. 


in which a is a proportionality co¬ 
efficient having the dimensions 
or energy per unit area. 

The coefficient cr is called surface 
tension. Since it depends upon 
electrical attractions between mole¬ 
cules, set up by the atoms in the 
molecules and their arrangements, 

and since no two molecular species are alike both in the nature of the 
on ained atoms and in their arrangement in the molecules, it follows 

different hquids" 3 'They^m ^ “ giV<m P ' laS ° Sh ° U ' d d “ hr um °“* 
A closer definition of cr is obtainable by quantification of W and AA 
m i-q. 1 If Vi , s the pressure on the liquid side of the surface 1 BCD 
ana p the pressure on the gas side, the force acting on ABCD that 

rsl d r l he t Small th ma r 0n , P0StUlaUd iS -d the work 

tills lorce times the displacement AR. 

tnr! he !,u C,Ca T aiea ’ AA ’ ' S <>x Pre.ssible in u ‘rms of the radii of curva- 
Then lhUS thC Gngth ° f arC DC is and the len gth of CB is R 2 0 2 . 


Similarly area 


ABCD = e x 0 2 R x R 2 = DC X CB 


A'B'C'D' = 0 X 0>( R X R 2 + R x aR + R 2 AR) 
neglecting second-order infinitesimals. Then, expressing 0 X and 0 2 i u 
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terms of arcs and radii of curvature, and solving for A A as the difference 
between these two areas, 

AA = A BCD • AR 

\/vi R2 

Equating Eqs. 1 and 2 and clearing gives 



cr 




or pi exceeds p Q by the quantity a • In other words, the 

pressure at equilibrium on the liquid side of a curved liquid-gas interface 
exceeds that on the gas side by an amount that is proportional to the 
interfacial tension and to the curvature of the interface. A similar 
analysis giving the same equations holds for a liquid-liquid interface. 

Applying Eq. 3 to surfaces of simple curvatures gives p t - — p 0 equal 
to zero for a plane surface, to 2 cr/R for a sphere, and to cr/R for a 
cylinder. 

Returning now to Fig. 2, we may write 

(Pi — Vo)c - {Vi — Vo) d = pgh (4) 

or 



Application of these equations generally is impracticable because of 
difficulties in determining radii of curvature. In the special case, 
however, of a clean small-bore capillary inserted into water in a beaker 
of large diameter relative to the outside diameter of the capillary, the 
surface of the liquid in the tube forms a meniscus which may be taken 
as hemispherical and is concave upward, whereas the surface of the 
liquid in the beaker at a distance from tube and beaker wall is plane 
(Fig. 4). Denoting positions C and D in Fig. 4 in correspondence with 
Fig. 2 and applying Eq. 5 gives 


Rpgh 




This is the equation used in determining surface tension by capillary 
rise in cases where the liquid wets the tube completely, i.e., when the 
contact angle at the three-phase line in the tube is zero. If this angle is 
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not zero, the equation becomes 


<r 


Rpgh 


cos 9 



where 9 is the contact angle measured through the water. The capillary 
method may also be used for measuring the interfacial tensions between 
two liquids by the modification shown in Fig. 5. The specifically 



Fig. 4. Rise of liquid in a capillary. Fig. 5. Capillary-rise measurement 


of interfacial tension between two im¬ 
miscible liquids or between saturated 
solutions of partially miscible liquids. 


lighter liquid B is placed in the upper tube, and this adjusted vertically 
to make the level of the interface the same as that of liquid A in the lower 
vessel. By this means capillary effects against the atmosphere for both 
liquids are eliminated and Eq. 0 holds, using for p the density of liquid 


. .A 1 ™ ay bc " oted that the dimensions of a, i.e., Mr 2 , are multiplied by 
L /L in order to permit expression in the form used to date viz 
energy per unit area. Multiplying by L/L gives the expression'force 
per unit length of film (dynes per centimeter), which is the common 
form for expressing numerical values. The numerical magnitudes 
are the same by either method, provided the same system of units is 
used. I he implication of a contractile force in the surface and tangent 
thereto, although erroneous, is a convenient expedient for analyzing 
surface-tension phenomena in which a force caused by surface tension 
and a corresponding critical film length can be measured whereas radii 
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of curvature cannot. One such case is that of the du Noiiy form of the 
Wilhelmy balance, shown in Fig. 6. In the figure iisa platinum ring 
1- to 2-cm. diam. suspended by a stirrup from the beam of a balance B. 
The liquid to be measured is placed in a container sufficiently large 
relative to the ring diameter so that an annulus of horizontal liquid 
surface exists between ring and wall when the ring is raised as indicated. 
After immersing the clean ring in the liquid, weights C are added care¬ 
fully until the film of liquid 
breaks. The break occurs just 
below the ring. Liquid is left on 
the ring, indicating that the 
break did not involve peeling of 
the film from it. High-speed 
photography confirms this con¬ 
clusion. 

The phenomenon is analyzed 
by imputing tensile strength to 
the film and equating the product 
of this assumed tension per unit length of interface at the break zone 
to the pull F exerted by weights C. Then, on the assumption that the 
film is vertical and very thin at the instant of break, the equation for <r 
becomes 


B 



a 



2tt d 



where d is the mean ring diameter, and the factor 2 denotes that two 
interlaces, one depending from each side of the ring, are contributing 
to the pull. 1 he fact that numerical results check capillary-rise 
measurements for the same interfaces verifies the method of attack 
but not the basic assumption. 

I he mechanism of contact angles is usually analyzed on the basis of 
two assumptions, viz., that when a solid is in contact with a fluid there 
is an interfacial tension characteristic of the two substances jointly, 
and further that adhesion exists between the solids and liquids which it 
requires work to overcome. Both assumptions accord with a sufficient 
number of experimental observations to make them plausible. 

Accepting these postulates, assume further a wall-less column of 
liquid L and solid S, l-sq.-cm. cross-section, in contact along a plane 
AB, as in Fig. 7. The energy along the plane is <r L , s . If now the two 
phases were pulled so that they parted everywhere along plane AB 
at the same instant, leaving a void, the surface energy the following 
instant would be a l + <rs- The work W l.s done in so pulling, neglecting 
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gravity, is equal to the gain in interfacial energy, or 

= (t l -f- v s — aL s 

This is known as Duprd’s equation. 

Assume now the equilibrium system shown in Fig. 1. Analysis bv 

SjSEZZfZ ^ —'*** aAong the 

Vs.a — (Ts.L — (T L ,G cose = o (10) 

Combination with Eq. 9 eliminates solid sur¬ 
face tensions from (9), which becomes 

WL,s = + cos 0) ( 11 ) 

This treatment rests on the assumption that 
the surface tensions of liquid and solid in con¬ 
tact with a gas are the same as when they 
are in contact with a void. Experimental 
evidence points to this conclusion for liquids, 
if the gas does not react with the liquid; solid 
surface tensions cannot be measured directly. 

Equations 9 and 11 indicate that the work 
of adhesion has the same dimensions as those 
of surface tension, i.e., that it is not a true 
work. From Eq. 11 it follows that when 0 
is zero \V s .l reaches its maximum value of 

i < . 



Fig. 7. An ideal wall-less 
heterogeneous column of solid 
and liquid. 


f f / - 6 ', ; in<1 W f h * n 0 is . 9 ?° il reachcs a minimum of a L _„. By the method 
of analysis followed for Fig. 7 but applied to a column of one liquid 

^ L ' L ~ a L aL — <TL,L = 2 tj L ( 12 ) 

«ncc - ° because of the absence of an interface. Hence, when 
- I) H r./ = H and when 0 = 90°, W S , L = L L . These 
indications of Eqs. 11 and 12 have been interpreted to mean that at 
zero contact angle the attraction between liquid and solid is equal to the 
attraction across an imaginary interface between adjacent pirts of the 
liquid (cohesion) and that when 0 is the attraction between liquid 

are not t d h 1S f r ^ ° f the l,c l u,d cohesion. But the dimensions of W 
aie not those of force any more than they are of enortiv Ii is mi i i i 

true that the contact angle denotes a relal ion between the attraction^ 

>f the solid for the two fluid phases, and the liquid-gas interfaced tension 

““ ° f that rC,ali ° n is CCrtain, y developed in the preceding 
Unfortunately none of the equations herein developed can be applied 
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directly to bubble attachment in a flotation operation. Their utility 
lies in the aid they furnish to thinking about the phenomena observed. 

Consider now the force holding a particle to a bubble. The most 
stable position of attachment is that in which the particle is so oriented 
that the three-phase contact line is of maximum length. This is with 
the two longer axes of the particle in a plane approximately tangent to 
the original bubble surface and with the three-phase line along the 
periphery. Observation teaches that this is the preferred orientation. 
Let the solid in Fig. 8 represent a small particle attached to the lowest 
part of a much larger bubble. If the vector <x represents the gas-liquid 
surface tension and l the length of the three-phase line, the upward 



force exerted by this tension is <rl sin Q. But this proves to be con¬ 
siderably less than the weight of the particle. The question now arises 
as to the nature of the additional supporting force. For a long rec¬ 
tangular plate it is possible, neglecting the complexities of curvature 
at and near the corners, to show that the supporting force is equal to the 
difference in hydrostatic pressure on the top and bottom of the plate 
owing to the volume of water displaced by deformation of the air-water 
interface. Assuming the plate typical of bubble-supported particles, 
the conclusion is that the role of the gas-liquid interfacial tension is 
simply to maintain the surface curvature, whereupon the excess pressure 
on the liquid side is made available as a force at points removed. 

A froth is a mass of bubbles; a flotation froth is such a mass floating on 
a pulp and carrying solid particles in the liquid walls. In some flotation 
methods the froth layer is the separating zone; in others it is simply a 
station on the concentrate-discharge route; in yet others it partakes of 
both characters. Recognition of these facts and understanding of the 
action mechanisms involved are important in the study of the frothing 
mechanism itself. 

In its simplest form frothing involves introduction of air into a liquid 
in such a way that it is broken up into relatively small masses—the 
bubbles—and stilling the surface of the bubble-impregnated liquid 
sufficiently so that bubbles arriving there are not subjected to undue 
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breakage by mechanical stresses. But even under these conditions 

roth does not form at the surface of a pure liquid. In such liquids 
the bubbles break substantially immediately on reaching the surface. 
T hus it is apparent that one of the requisites in frothing is that bubble- 
wall life be extended sufficiently to permit a mass of bubbles to collect 
after they reach the liquid surface. The apparently obvious expedient 
is to strengthen the bubble films, implying an increase in surface tension. 
But mercury (a — 475 dynes per cm.) does not froth any better than 
water (a = 72), nor water than benzene(cr = 29). As a matter of 
experimental fact, to make water froth the usual procedure is to add 
to it a small amount of a solute that lowers the surface tension. 

The substances used to froth the pulp water in flotation (frothing 
agents) are invariably organic compounds of limited solubility in water 
and havmgthe^general formula RZ, where Z is a solubilizing group! 
OH, COOH, etc. (see Chap. 13). Commonly alcohols or phenol 

homologues are used, specifically the aliphatic alcohols with 5 to 10 
carbon atoms, or mixtures containing alcohols up to C 14 ; or the mixture 
of cresol isomers with usually a little phenol, some homologues higher 
than cresol, and some dissolved neutral tar oils. Steam-distilled pine 
oil, another common f rot her, is a complex mixture of essential oils 
(hydrocarbons) and so-called hydroaromatic alcohols of which terpineol 
(see Chap. 13) is typical. Optimum solubilities lie in the range 0 001 to 
3 or 4 per cent, based on the water. 

The apparent anomaly that persistence of bubble films is aided bv 

decreasing the surface tension of the liquid disappears when the action 

of the additive is studied. It has been found experimentally that in t 

solution of so-called surface-active substances, i.e., those that change 

the surface tension of the solvent, the concentration of the additive in 

the surface is different from its concentration in the bulk of the solution. 

The quantitative expression of this phenomenon was first given by 
Gibbs in the form y 


8a U 

— = - It T — 
8c c 


(13) 


m which c ,s the molar concentration of additive in the system and U is 
the excess concentration in the surface. This phenomenon of differential 
concentration at an interface, positive or negative according to the 
solvent and additive, is called adsorption. Flotation frothers adsorb 
positively in aqueous pulps, i.e., they concentrate at air-water interfaces 
y so doing, according to Eq. 13, they lower the surface tension in direct 
proportion to the extent of adsorption and the change in total conccn- 
tration and inversely as the total concentration. 
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The effect of adsorption on frothing is clarified by a hypothetical 
experiment which has never been carried out exactly but has been 
approximated closely. In Fig. 9 ACDE is a bent wire in a vertical 
plane and B is a horizontal sliding wire weighing W. The hatched area 
is a liquid film. If the film is water and W = 2 lo, the system is in 
equilibrium and no motion will occur in absence of temperature change, 
evaporation, and mechanical shock. (Note that o is treated from the 
tension aspect here for simplicity in setting up the equation. The same 

equation could be derived by the pressure-and- 
work attack, considering curvatures of the air- 
water interfaces in the neighborhood of the 
slide wire.) 

Still dealing with the water film, if W is 
changed to IF 8 IF, wire B will move down¬ 
ward because 2 lo is not affected by such a 
change, and will continue so to move, at an ac¬ 
celerating pace, until the film breaks. Con¬ 
versely a change from W to IF — 5 IF will cause B 
to move upward until it strikes CD. In other 
words, the system has only one stable point. 

Next let the hatched area represent an aque¬ 
ous solution of a frothing agent, and let the 
spacing of the hatch lines denote U in Eq. 13. 
As before, equilibrium exists when IF = 2lo' 
where o' is the surface tension of the solution. 

If now II’ is changed to IF -f- 8 IF, B will move 
down as before, but in so moving and increasing the film area, underlying 
liquid of concentration c < c -J- U will appear at the surface. Graphi¬ 
cally, the hatch lines will spread apart; o' will increase to a value o ", 
where conceivably If -f- 5IF = 21 o" , and motion will cease. In time 
the excess surface concentration will rise to U' nearly equal to U, 
whereupon further extension of the film will occur if IF + 8W is greater 
than the new value of o', but if 5IF was temporary, the result will have 
been to stop extension of the film before a break. If IF had been 
changed to If — 8 IF, B would have risen with corresponding increase 
in c + U, decrease in o' , and decrease or stoppage of motion. Thus it 


c D 



Fig. 9. An idealized 
liquid film in tension. 


appears that owing to adsorption of frothing agents bubble films are 
capable of automatic adjustment to small strains to which pure liquids 
cannot adjust, and are thus rendered sufficiently persistent to collect 


and form froths. 


It follows from the preceding discussion that a good frother is one that 
adsorbs strongly, i.e., for which U/c is large. A typical surface tension- 
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concentration curve for such a frother is shown in Fig. 10. This figure 
indicates also why excess of frother decreases frothing. 

The mechanism of adsorption of a frothing agent and the reasons for 
the frother specifications set out on page 293 follow workably if not with 
scientific precision, from consideration of probable molecular attractions 
and consequent molecular movement and resultant molecular distribu¬ 
tions. Hydrocarbons are substantially insoluble in water and normally 
of lower specific gravity. If a drop of such a hydrocarbon, say 9- 
octadecene, is placed on the surface of water, it floats there as a small 



Fig. 10. Surface tension vs. concentration in a frothing agent. 


lens. If the corresponding fatty acid (oleic) is similarly treated it 

spreads rapidly to a monomolecular film covering the entire air-water 

interface and any excess collects as small droplets scattered over the 

surface. The same thing happens with the corresponding alcohol or 

amine. It can be shown that the molecules in monomolecular films 

that cover the ent ire surface are oriented with hydrocarbon ends toward 

the air I here are a few molecules dissolved in and dispersed through 

the water. II the corresponding acids, alcohols, and amines of lower 

olefins or paraffins are used, more molecules go into solution but 

oriented surface filming still occurs although the U/c ratio decreases. 

Ihe methyl, ethyl, and propyl acids and alcohols are miscible with 

water in a proportions, but complete miscibility of the amines stops 

With the ethyl. he effect on the surface tension of water decreases 
with increasing solubility. 

°n the basis of these facts, bearing in mind that surface tension is the 
manifestation of a surface pressure set up by the attraction of the under¬ 
surface molecules of a liquid for the surface molecules, and that solubility 
is a qualitative indicator of the degree of attraction between molecules 





296 


FLOTATION III: BUBBLE ATTACHMENT 


[Chap. 16 


of solute and solvent, it appears that the attraction between water 
molecules and hydrocarbon molecules is slight; that the attraction of 
water for water-like and ammonia-like molecules is high (compare 

with H —°—CII 3 and H—O—CHO, and H 2 N—H with 
H 2 N—CH 3 ); that as the molecular weight of the hydrocarbon substit¬ 
uent in the water- or ammonia-like molecule increases it has the effect 
of decreasing the attraction for water molecules (evidenced by decreasing 
solubility in water); but that whereas the attraction for the molecule 
as a whole decreases, that for the water or ammonia residues persists 
(evidenced by the orientation of the surface films), resulting in strong 
adsorption and consequent large reduction in surface tension. If the 
solubility is too great, adsorption is so weak that the increase in surface 
tension with sudden increase in surface area is too small to be effective 
to counterbalance the strain that caused the area increase. If the 
solubility is too small, the necessary reservoir of frother in the bulk 
solution is in droplet form, and unless a droplet is immediately under the 
surface, the new surface resulting from extension is pure water, with no 
capacity for automatic adjustment to strain, so the film breaks. 


Solid material in bubble films increases their stability. The effect 
is two-fold. Against compressive forces the particles tend to interlock 
as blocks initially loosely touching on a floor will first compact some¬ 
what and then move as one. The result is 
thus to cushion shocks to the film by an action 
analogous to viscosity and to take up much 
of the final load as a solid structure in¬ 
dependently of the film. Against tensile 

Fig. 11 . Liquid surface forces surface tension comes into play. Figure 
between adjacent particles 11 is typical of any two adjacent particles 
attached to a bubble. attached to an air-water interface, e.g., in a 

bubble film. As a result of the curvature of 
the air-liquid interface between them, there is a negative pressure in the 
column of water underneath, which is roughly approximated by the 
equation 




wherein d is the distance between the parallel particle faces, and d is the 
contact angle.* The inverse variation of p with d, taken with the 

* Equation 11 is rigorous for parallel plates of infinite extent for which the curva¬ 
ture of the liquid surface adjacent to the? three-phase line is circular, and edge and 
corner effects on film curvature at the ends are negligible. 
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packing effect as particles are mechanically crowded explains the 
remarkable stability of heavily loaded bubbles. explains the 

Severa 1 methods of producing bubble attachment are known The 
most familiar to the layman, probably, is the everyday observation 
lat when a glass of freshly drawn tap water stands for awhile in a room 
t^Peratures, bubbles appear on the walls. The bubble 

CO R^hhl ^ a,r> SatUI ' ated with "' ater ™por, and containing a little 
C0 2 . Bubble appearance is accelerated by intentional heating It 

does not happen if the glass is clean. Bubbles appear similarly on 

galena in xanthate solution but not on quartz beside the galena Close 

observation shows that the bubbles precipitate from the water Tap 

omnpr S t° T y Ba * urated ' vith air at normal pressures and ground 
supersIturlTtL ** tCmperature rise °» ^ding in a room produces 

ordinn^ D d ted l, WatC f P ° Ured fr ° m a frcshly opened bottle the 

ordinary drinking glass produce a frost of bubbles on the walls im- 

Ihlt moT' r?t n !,' 0 u experimentation with a similar system shows 
that most of the bubbles precipitate directly onto the glass This 

the bubble filling is principally CC 2 saturated wdhLtrvapor tZ 
cause of precipitation is, of course, supersaturation caused by pressure 
l eduction. It should be no surprise, therefore, to learn that precipita¬ 
tion similar to that described as caused by heat occurs when any of the 
vessels is placed in a bell jar attached to a vacuum pump 

If polished specimens of clean and of oleate-coated galena and of clean 
quartz together with a small heap of granular calcite arc spaced about an 
inch apart (under water at room temperature) in a Petri dish of suitable 
size to accommodate the group, and a few drops of concentrated sulphuric 
acid are added the immediate visible reaction is effervescence from the 
calcite. ihe bubbles rise with no appreciably horizontal displacement- 
they do not approach the other particles. After a time bubbles appear 

on the oleate-coated galena; none on the clean galena or the quartz 
In this system there are no appreciable changes in temperature or 
pressure. iNo bubbles appear if the calcite is omitted The only 
correlation ,s between the oleate-coated galena and the effervescent 
Further experimentation with other collectors and other mineral 
defines the correlation broadly as between hydrocarbon-like coatings 
ar,d the effervescence. Bubbles do not appear on ihn \ i , 
coated minerals if C0 2 is bubbled into the water at the location of 'tTe 
ca<i e heap. Ihe difference here is between C() 2 introduced molecule 
>y molecule in contact with the water rather than in masses of which 
on v a small part come in contact with the water. Hence solution of 
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C0 2 in the water, transfer of the C0 2 solution to the hydrocarbon- 

coated mineral, and precipitation onto the hydrocarbon-like surface 

without change in temperature or pressure would seem to be the process 
involved. 

Two explanations of the precipitation phenomenon generally, probably 
alternative statements of a more basic phenomenon, are available. 
The first depends upon the general observation that surface tension 
and vapor pressure of liquids vary inversely, and the thermodynamic 
generalization that the energy of a system tends spontaneously to a 
minimum. If, therefore, it can be shown that the interface gas-hydro¬ 
carbon has a lower interfacial tension than a water-hydrocarbon or a 
water-clean mineral interface, the observed precipitation would be in 
accord with the minimum-energy rule, and a correspondingly high vapor 
pressure would be available as the driving force. Now the surface 
tension of solids has not been measured. But the gas-liquid tension of 
molten salts (e.g., minerals) is of the order of several hundred dynes per 
cm., and the surface tension of liquids increases generally with fall of 
temperature. Hence, unless there is a marked discontinuity in magni¬ 
tude at the freezing point in a direction inconsistent with all other 
available indications, particularly the low vapor pressure of the solid 
salt, the solid-gas surface tension of a salt must be high. On the other 
hand the surface tension of a molten hydrocarbon is of the order of 20 to 
30 dynes per cm., and again, unless there is a marked discontinuity on 
freezing, the surface tension of the solid hydrocarbon should be of a 
much lower order than that of solid salts. Liquid-liquid interfacial 
tensions usually lie between the corresponding gas-liquid tensions. 

If the same rule holds for solid-liquid tensions, the mineral-water 
interfacial tension should be higher than the water-air tension and the 
hydrocarbon-water tension should be lower. The vapor pressure at the 
hydrocarbon-water interface should, therefore, be higher than that at the 
mineral-water interface. If we make the assumption that escaping 
tendencies from a solution are of the same nature at solid-liquid as at 
gas-liquid interfaces, we can apply Raoult’s and Henry’s laws. Ac¬ 
cording to Raoult’s law the escaping tendency of water molecules at the 
interface between a solid and a solution of a volatile gas in water will 
exert a pressure pi = Zipi, where .Tj is the mole fraction of water and pi 
is its vapor pressure under the conditions prevailing. According to 
Henry’s law, an analogous equation would apply to the solute, e.g., 
p 2 = x 2 p 2 , where p 2 measures the escaping tendency of solute molecules, 
x 2 their molar concentration, and p 2 the vapor pressure of pure liquid 
solute at the prevailing temperature. By observation, pi + p 2 1S 
insufficient to displace water from clean mineral surfaces at normal 
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temperatures and pressures. But when p x is increased by bringing the 
solution into contact with a hydrocarbon-like surface, Pl is correspond¬ 
ingly increased, whereupon, since the external pressure remains con¬ 
stant, p 2 must decrease. Thereupon, since p 2 is constant, x 2 must 
decrease, which it does by evaporation (i.e., precipitation at the solid 
surface) and displaces a minute amount of liquid water therefrom. 
When this occurs, the partial pressure of water vapor in the precipitated 
bubble being zero, vapor distils into the bubble rapidly. This analysis 
is in accord with the observation that the first visible gas precipitation 
at a particle surface is in the form of a bubble readily seen with the 
naked eye; it seems to attain this size in a flash. 

The alternative explanation is based on relative adhesions of gas and 
liquid to solid surfaces. Water displaces gas at clean mineral surfaces, 
evidencing a stronger attraction by mineral molecules for water mole^ 
cules than for the gas molecules. At hydrocarbon surfaces gas displaces 
water, from which the inference is that the hydrocarbon has the greater 
attraction for the gas molecules. When, therefore, a dissolved gas and 
an adjacent water molecule come simultaneously by thermal agitation 
to the same point at a hydrocarbon surface, the rebound of the gas 
molecule is lessened relatively by this superior attractive force whereby 
the water molecule is displaced. The converse is true at the clean 
mineral surface. 


Each of the methods of selective gas precipitation discussed is readily 
translatable into a flotation operation by subjecting a pulp containing a 
suitable collector and frothing agent to the particular gas-precipitating 
condition. The methods are designated “boiling,” “vacuum,” and 
“chemical generation,” respectively, in the order previously discussed. 
In each a characteristic heavily loaded, persistent, small-bubble froth is 
formed. Observation of the operations in the slime-free water shows 
that the coated bubbles that rise to make up the froth emerge as singles 
or agglomerated groups from a settled sand mass which is gently agitated 
to release them. The conclusion is that selection is effected in each case 
in the sand mass; that this is the separating zone; and that the subse¬ 
quent rise through tl.e overlying water and thence via the froth layer 
to the overflow lip is simply the concentrate path from the separating 
zone to the collection point. 

None of these processes had any real commercial history for the 
reason that each required a substantially slime-free pulp. Flotation of 
many nonmetallic crudes by present-day processes is similarly limited 

The reason in both cases is unknown. Its determination is of consider¬ 
able economic importance. 
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The fi rst generally applicable commercial flotation process (see 
“Agitation-froth process," p. 306) produced bubble attachment by high¬ 
speed agitation of a pulp suitably treated with collector and frother. 
The froth had the same characteristics as those just described, but 
desliming of the feed was unnecessary. The similarity of the froths 
piompted the inference that the method of bubble attachment was of the 
same general nature as in the preceding cases. But the ability to treat 
slimes suggests an added element. 

When the agitation operation is carried out batch-wise, the procedure 
is to place the pulp in a square glass jar (or a round jar baffled to prevent 
vertical overflow) and to stir at high speed with a rotating impeller 
located near the bottom. After addition of a suitable collector and 
frother the pulp is stirred at peripheral speeds of 900 to 2,000 f.p.m. 
for 3 to 10 min. When the impeller is stopped, the froth forms quickly 
on the surface. The gangue settles somewhat more slowly. 

The early postulate of the mechanism of bubble attachment was that 
bubbles engulfed at the surface by the stirring coursed around through 
the agitated pulp, thereby coming into contact with both collector- 
coated and uncoated particles, and that the former adhered. Experi¬ 
ment negatives this. With slow-speed stirring and air introduced 
through a porous cup in fine bubbles so that the pulp is thoroughly 
impregnated with bubbles, no froth forms on cessation of stirring no 
matter how long this has continued. The stirring must exceed some 
critical intensity before a froth will form on cessation; thereafter the 
required time for a given amount of froth is inversely proportional to the 
stirring intensity. The critical intensity correlates with that which, 
in plain water with the surface prevented from engulfing air by use of a 
suitable shield, produces gas bubbles in the impeller zone. Since 
surface engulfment is prevented, these bubbles can come only by 
precipitation from the water. Hence, gas precipitation correlates with 
froth formation here as in the preceding processes. 

The cause of precipitation is shown by providing a continuous enclosed 
passage from the back of an impeller blade through blade, shaft, and a 
stuffing box to a manometer. Pressure falls with increase in speed up 
to the point when gas bubbles begin to precipitate in the liquid. The 
vacuum breaks at this point—normally about 30 in. of water. The 
ordinary laws of mechanics point the conclusion of excess pressure in the 
liquid in front of the impeller blades. Observation shows that this 
liquid is impregnated with small gas bubbles. The further conclusion 
is that the impeller provides continuous alternation of pulp from a 
region of elevated pressure in front of the blades to one of reduced 
pressure behind them, as a result of which gas dissolves in the former 
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zone and precipitates selectively on collector-coated particles in the 
latter. 

The coursing-bubble theory is further negated by the time lag observed 
in captive-bubble testing, and by high-speed photographs of free bubbles 
in a dilute slime-free pulp taken by Spedden and Hannan at M.I.T. 
Ihe latter showed that bubbles rising through a shower of collector- 
coated galena particles made contact with only an infinitesimal fraction. 
Most pai tides were deflected by an apparent strong streamline flow 
at the front of the rising bubbles. Some traveled along the rising 
hemisphere but departed at the horizontal equator with no sign of 
cling, indicating complete failure of contact. A few turned into the 
wake of the bubble but showed little or no evidence of being swept into 
contact. Comparing the favorable conditions of this experiment with 
those in an operating agitation cell, in which small bubbles and adjacent 
particles are swept along substantially parallel in the element of water 

that carries both, leads to the conclusion that contact failure must be 
even more complete in the cell. 

In modern flotation machines the froth is relatively large-bubble and 
fragile; m contrast to the long-lived mass which characterises the 
froths of the earlier processes, this breaks down almost immediately 
on overflow or when the air supply is shut off. Bubble attachment in 
the working froth is transitory in contrast to the persistent attach¬ 
ments thus far described. It is an on-again-off-again affair, repeated 
many times with as manj r differ- 


HoO 

oPoP° 


Co/lector-coated particle 
Noncoated particle 



tic. 12 . Collector-coated and noncoated 

particles in a bulililn column. 


ent particle-bubble combinations 
in the course of a frog-in-thc-well 
progress of a collector-coated par¬ 
ticle from the bottom to the top of 
a column of slowly rising bubbles 
floating on a body of pulp. The 
phenomenon is pictured diagram- 
mat ically in Fig. 12, in which the 
paths of cotited and noncoated 
particles relative to the bubbles in the liquid spaces between bubbles are 
traced by dotted lines. Both kinds of particles travel downward the 
noncoated continuously, the coated with short pauses at the lower poles 
of the bubbles. The bubbles rise continuously relative to the walls of 
the container. If the rate of bubble rise is suitably adjusted by regu¬ 
lation of air feed, there is a net rise of coated particles relative to the 
Weills and «i not lull of noncoated partiolos. 

The essential difference between the two particle paths lies in their 
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directions below the horizontal bubble equators. At this point the 
noncoated particles leave the bubble surface and drop substantially 
vertically until they strike the upper hemisphere of a following bubble. 
The coated particles continue below the equator against the bubble 
wall, denoting cling to the bubble. This indication is confirmed by a 
pause at the bottom, usually until several particles gather there in the 
form of a small pendent tip, which then disengages either piecemeal or 
en masse. The clear inference is that the differences in path and 
continuity of rate account for the difference in overall direction of travel, 
and the cause is as clearly attributable to the cling of the coated particles 
on the lower hemispheres of the bubbles. 

The strength of cling is, however, markedly less than that of the 
captive bubble or of the precipitated bubbles in the other methods 
of flotation. Since strength of attachment is a function of the fluid 
interface and of the contact angle, it follows that one or both of these 
must differ as between the contrasting attachments. Air-solution 
interfacial tensions with normal quantities of standard frothers have 
equilibrium static values in the range of GO to 65 dynes per cm. and 
dynamic values probably 3 or 4 dynes higher. Oil-solution interfacial 
tensions with a surface-active agent present (a frother) are in the range 
of 20 to 25 dynes per cm. It has already been shown that oils spread 
readily at water-air interfaces in the presence of surface-active agents. 
If, therefore, the presence of oil in the bubble column can be shown, the 
probability that it supplies the active interface is strengthened. 

Analysis of the combined water and solid comprising the overflow 
of a mill bubble column almost invariably shows oil, although none has 
been added as a reagent. The analysis is, however, crude and not highly 
dependable. A more satisfactory indication of the presence of oil in 
the pulp is that substantially all the lubricants used in mining and much 
of those used in crushing and grinding go into the pulp and hence into 
the flotation cells. Part of this oil goes onto the minerals during grind¬ 
ing, especially if collector is added to the grinding mills. But, to judge 
from the difficulties in intentional oil coating of minerals, this fraction 
is probably small. The remainder is dispersed as fine droplets in the 
pulp. It tends to float because its specific gravity is less than that of 
water and its rise is aided by air bubbles rising into the bubble column. 
Whenever a droplet strikes a solution-air interface, it spreads over 
it immediately. Once in the bubble column it accumulates because 
more bubbles burst at the surface of a bubble column than overflow, 
and the liquid of their walls, water and oil both, flows down over the 
upcoming bubbles. The necessity of such accumulation for rapid 
work is indicated by the slow lift of concentrate on starting up a cell 
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compared with the rate of lift after the cell has been operating for some 
time. 

Further evidence is furnished by the rapid establishment of contact 
which occurs during the fraction of a second that a coated particle is on 
the upper hemisphere of a bubble with no greater force than the sub¬ 
merged weight of the particle plus probably a small but indeterminate 
momentum transfer. Contrasted with the time and deforming forces 
necessary in captive-bubble testing, both of these are infinitesimal. 
But if a captive bubble is oil-coated, it makes instantaneous contact 
with a collector-coated particle after so slight a touch that it appears 
to have jumped at it. 

The bubble column is thus established as a separating zone through 
which air bubbles slowly carry oil-water separating interfaces upward. 
Gravity showers mixed grains against these from the water side; col¬ 
lector-coated grains adhere, are temporarily but repeatedly levitated 
relative to nonadhering noncoated particles, and thus float while the 
others sink. 


Review questions 


1. Define: bubble; captive bubble; zero contact angle; induction time; contact 
angle; surface tension; work of adhesion; froth; flotation froth; surface active; 
adsorption: boiling process; vacuum process; chemical-generation process. 

2. What determines the magnitude of a contact angle? 

3. Cite evidence to prove that, when an equilibrium contact angle is established 
between a collector-coated surface and an air bubble, air and the coated surface are 
in contact over the area within the three-phase line. 

4. Cite six familiar manifestations of surface tension. 

5. What conditions are common to all the items cited in answer to R.Q. 4? 

<». Prove generally that in a continuous curved liquid-gas interface in equi¬ 
librium, surface pressures at lower points exceed those at higher points. 

7. To what cause are the surface pressures of R.Q. <> attributed? 

8. Why do the surface tensions of different liquids against a given gas phase differ? 

0. Prove that the surface pressure of R.Q. 0 is a function of the surface tension 


and the curvature of the interface. 

10. Prove that the difference in pressure on the two sides of a plane liquid-gas 
interface is zero, and that for a sphere it is twice the surface tension divided by the 


radius. 

11. From Eq. 5 show that the dimensions of surface tension arc energy per unit 


area. 

12. Show that Eq. 0 may lx; derived by assuming that the liquid column in the 
capillary of Fig. 4 is in equilibrium under the force of gravity and a tensile force 
exerted at the three-phase contact line. If surface tension is defined as the magni¬ 
tude of such a force per unit length of tin- three-phase contact line, what are its 
dimensions? Explain the significance of the answer that you derive. 

13. Develop tlx; equation for surlaee tension from measurement of the maximum 
weight /•' supported by a liquid film depending from a circular ring of diameter d on 
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a du Noiiy balance. If the ring diameter is 1.5 cm. and the weight is 600 mg. at 
the break, what is the surface tension of the liquid in ergs per square centimeter? 

14. State the usually accepted postulates of phenomena causing solid-lkmid-eas 
contact angles. 

15. What is the surface tension of clean galena against air? 

16. Discuss the nature of the work of adhesion and its relation to liquid cohesion 

17. What is the preferred orientation of solid particles attached to bubbles? 

18. To what is the magnitude of the force of attachment between a bubble and a 
solid particle equivalent? How is this force brought into play? 

19. State the essential steps in frothing. 

20. What is the surface tension of pure water? 

21. What effect do the frothing agents used in flotation have on the surface tension 
of water? 

22. Discuss the chemical nature of frothing agents; name those commonly used in 
flotation; and indicate the chemical structure of each. 

23. State the Gibbs adsorption equation in words. 

24. Explain the action of a frothing agent in froth formation. 

25. Assuming that Fig. 10 is the curve for amyl alcohol, would the curve for ethyl 
alcohol be more or less concave upward, and on which side of the curve shown would 
it fall? 

26. Discuss the relation between chemical structure of frothing agents, their 
solubility in water, the extent of their adsorption at air-water interfaces, and their 
frothing effect. 

27. Will solids in a bubble film increase or decrease persistence of the film? 
Explain your answer. 

28. Describe three methods of causing bubble attachment by precipitation from 
solution. What mechanism for inducing precipitation is involved in each? 

29. Argue correlation between gas precipitation at solid surfaces in water and the 
interfacial tensions involved. 

30. What explanation of precipitation other than that called for by R.Q. 29 has 
been offered? 

31. State the characteristics of a flotation froth formed by gas precipitation. 

32. Where is the separating zone in gas-precipitation methods of flotation? 

33. What limitation applies to the particle size of feeds in the boiling, vacuum, and 
chemical-generation methods of flotation? 

34. Describe the action of bubbles in bubble-column flotation. 

35. Argue that the effective particle-carrying interface in a working bubble 
column is oil-water. 

36. Identify the separating zone in bubble-column flotation. Summarize the 
steps of separation in this zone. 
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Chapter 17 

FLOTATION IV: 

FLOTATION MACHINES AND ROUTINGS 


Flotation machines provide, in addition to the four elements common 

to all separators, means for maintaining a continuous supply of po- 

tentially active gas bubbles to the separating zone, and means for 

repetitive return of unfinished product to that zone. Commercial 

machines provide also for continuous feed and discharge. Further 

since the process is relatively expensive for all but the simplest ores,’ 

economy in power, maintenance, and attendance is an important factor 
in design. 

1 wo principal types of machine are in commercial operation today. 
They differ in the location of the separating zone and in the way in 
which bubble attachment is effected. The latter difference was dis¬ 
cussed in the preceding chapter; the former will be developed in the 
course of discussion of the machines. 


The machines in which bubble attachment is effected by gas precipita¬ 
tion from solution in the pulp water directly onto collector-coated parti¬ 
cles, by reason of pressure differences brought about by agitation, are 
designated the agitation-froth type. Machines in which attachment 
occurs in a column of rising bubbles are of the bubble-column type. 
The student should not, however, conclude from this simplified state¬ 
ment that all machines in which introduction of air is effected by 
agitation arc of agitation-froth type. Such aeration is employed in 
many modern bubble-column machines. The final test is where the 
effective selective bubble attachment takes place. The problem is 
complicated somewhat by the fact that some machines are a combina¬ 
tion of the two types. 

Routing is the term used to denote the flow paths of the progressively 
impoverished main pulp stream and of the partially concentrated 
products through repetitive treatment in order to increase the value 
differential between them. It normally involves multiplication of 
machine units. It varies considerably in detail but comprises only two 
basically different types. Characterization is based essentially on the 
tenor of the feed from which final concentrate is made. If this com¬ 
prises the entire new feed plus a relatively small middling return, so 
that, the feed-stream assay is substantially that of the new feed itself 
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the routing is designated rougher-scavenger or concentrate-middling 
flow. If final concentrate is made from a feed from which the bulk of 
the original feed has already been removed as tailing, the routing is of 
rougher-cleaner type. Many routings combine both types. 

The structural elements of a typical agitation-froth machine (Fig. 1) 
are the agitation chamber A in which a generally cruciform agitator B 
with vertical or inclined blades is mounted, and a pointed or wedge- 
shaped box C connected to A by upper and lower passages as shown and 
having a controllable discharge port D. 



The separating zone is the region directly surrounding B, since here 
it is that the selective act initiated by collector coating is consummated 
by bubble attachment. Freedom of relative motion of adjacent par¬ 
ticles in the separating zone is insured by suspension due to the violent 
agitation, but no sensible relative particle motion occurs until the pulp 
leaves -4. Transport of feed to the separating zone is along the paths 
marked by the arrows pointing toward the impeller; discharge from the 
zone follows the upward and outward pointing arrows. The function 
of C is to still the pulp sufficiently to permit the divergences of particle 
paths indicated by the arrows. The dotted arrow denotes the general 
flow of particles attached to air bubbles, which have an aggregate mass 
smaller than that of the pulp that they displace. The downward arrows 
denote sedimentation of particles without attached bubbles. The arrow 
pointing to D connotes a flow of pulp of sufficient upward velocity along 
the wall near D to maintain particles in suspension. In a way, there¬ 
fore, C is an extension of the separating zone in so far as it affords the 
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first opportunity for differential movement of the different kinds of 
products. The primary separating force is bubble-particle adhesion, 
and the accessory transport forces are gravity and fluid drag. 

Active bubbles are provided by engulfment at the upper surface of 
the vortex, subsequent shearing to small size by eddying of the pulp 
produced by the agitation, and solution and precipitation in the immedi¬ 
ate neighborhood of the impeller as discussed in Chap. 16. There is 


A 



Kia. 2. Mechanism of air engulfment in the agitation chamber of an agitation- 

froth machine. 


also, demonstrably, a secondary bubble activity which results from 
contact and coalescence of bubbles as a result of which particles attached 
to bubbles too small to lift them are effectively levitated. 

The mechanism of air engulfment is pictured diagrammatic-ally in 
Fig. 2. Rotation of the impeller produces currents which are indicated 
in plan by item A and in vertical section A A by item B. Items C and 
D show rapidly alternating states of the pulp surface at regions marked 
11,1 Rem A. The rotary motion of the annulus of pulp indicated by the 
circle in item A and by the horizontal arrows in items C and D causes 
undercutting of the stream downflowing from the high points to which 
PulP 18 forced up along the wall in the corners of the agitation box. This 
undercutting is entirely similar to the action on a wave running up a 
slanting beach by the backflow from the preceding wave. When the 
undercut attains a certain magnitude, the corner mass slumps suddenly 
and in so doing engulfs a mass of air y, as in item D. This large bubble 
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then spirals down around the impeller shaft to the impeller zone, where 
it is quickly sheared into the small bubbles needed for rapid solution. 

Repetitive return of pulp to the separating zone is by the circulatory 
action of the impeller, as indicated by the arrows in the agitator box in 
Figs. 1 and 2; by sedimentation and the flow caused by the pumping 
action of the agitator, as indicated by the downpointing arrows in C, 
Fig. 1; and by leading the discharge through D, Fig. 1, to subsequent 
units similar to Fig. 1 and usually incorporated with it in a multiple 
assembly. These expedients, it will be noted, take care of repetitive 
treatment of successively impoverished pulp only. Repetition for en¬ 
richment is discussed on page 318. 

Sizes of agitation-froth machines are denoted by impeller diameters 
and the number of cells comprising a unit. The former range from 12 
to 30 in., and the latter from 1 to 24. Impeller speeds range from 900 
to 2,000 f.p.m. peripheral, the higher speeds normally corresponding to 
the smaller diameters, but, for a given diameter, to the difficulty of 
flotation. Machine capacity is entirely a question of the time required 
to effect the desired recovery and grade, which, in turn, depends pri¬ 
marily on the ore. The machine must have sufficient liquid-pulp volume 
to retain the pulp for the required time. Power consumption varies with 
pulp density and with impeller diameter, shape, blade height, speed, 
and submergence. It is normally stated in horsepower-hours per ton 
of solid feed and consequently depends also on the ore via the treat¬ 
ment time-factor. Range is from 0.5 to 15 hp-hr. per ton with an 
average probably near 4. 


Bubble-column machines are used for upwards of 90% of all froth 
flotation today. There are many different forms but only two basic 
types, viz., pneumatic, in which bubble-column air is pumped into the 
pulp; and cascade, in which bubble-column air is introduced by the fall 
of broken masses of pulp into a body of pulp. Pneumatic machines 
comprise two subclasses according to whether the air pump is external 
or is submerged in the pulp. Cascade machines differ in the means of 
elevating the pulp for cascading—by mechanical means or by air lift. 

A typical bubble-column machine consists of an elongated trough, 
rectangular to V-shaped in transverse section, feed means at one end 
and discharge means at a somewhat lower level at the other end, and 
means to introduce air in bubble form into pulp therein, so that the 
bubbles rise from near the bottom over as nearly as possible the entire 
horizontal cross-section of the trough. The trough may be open from 
end to end, or more or less completely compartmented transversely or 
longitudinally. Troughs range in general from 18 in. to 4 ft. wide, from 
6 or 8 to 100 ft. long, and from 18 in. to 10 ft. in depth. 
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The Callow mat-type cell was the first commercial bubble-column 
machine. It is of the external-pump pneumatic type. Its separating 
action is typical of all. A diagrammatic cross-section is shown in Fig. 3. 
The cell trough A has a canvas false bottom B below which low-pressure 
air from a blower is introduced through pipe C. The air flowing rela¬ 
tively slowly through the pores of the canvas 
blanket leaves it in a succession of bubbles 
just as water drops leave the tip of a slowly 
flowing burette. With suitable frothing and 
collecting agents in the pulp, a column of 
bubbles D forms on the surface of the pulp. 

Ileic the bubbles rise slowly, coalescing and in¬ 
creasing in size as they rise, until finally they 
overflow the sides. 

The separating zone is the column of bub¬ 
bles D. The separating action by selective 
bubble attachment has been described in 
Chap. 10. Pulp is transported to the sepa¬ 
rating zone as a sheath surrounding each bub¬ 
ble that rises through the stream of pulp as it 
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Elements of a 
pneumatic flotation cell. 


flows slowly from end to end through trough A. This action, not too 
well understood, is analogous to the sticking of pulp to one’s hand as it 
is withdrawn from a mass of pulp. The desirability of uniform distribu¬ 
tion of rising bubbles throughout the horizontal cross-section of the 
stream is thus apparent; only so is the stream thoroughly air-swept and 
entry of all pulp into the separating zone insured. 

That the effective selection occurs in the bubble column and not at 
the surfaces of the bubbles rising through the pulp below is indicated by 
visual observation with feeds in which valuable mineral and gangues 
differ markedly in color. The color of the pulp in the interbubble space 
at the bottom of the bubble column is the same as that of the body of the 
pulp beneath The color of the bubble column changes gradually 
upuard to substantially that of pure concentrate mineral at the top 
h.s visual assay is confirmed by chemical assays made on samples 
diaun simultaneously from bottom to top of a transverse section 
such as Fig 3. A graph of such assays is shown by the curve P-li of 
'g. 1 back of selective bubble attachment in the pulp stream is in¬ 
dicated by the vertical portion /> of the curve and confirmed by insert¬ 
ing the lower open end of a water-filled barometric tube into the pulp 
stream (keeping it closed by the hand while it is passing down 
through the bubble column). Hubbles rising through the pulp under 
the open end of the tube enter and rise through the clear water above 
the top of the bubble column where they can be observed readily 
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In general they are free of all solid load except for a little extremely 
nne gangue. 

Transport of concentrate away from the separating zone is normally 
by simple gravitational overflow toward and over the sides. If this 

distance is so great, as in wide 

~ 1 " -- Top of froth cells that drop-back of min- 

"g> ^ 4 eral is excessive, the average 

S --jfj---P^/p lovei distance to overflow can be 

f |t z shortened by providing trans- 

| verse troughs, preferably V- 

| 1 p shaped, with their lips at the 

same level as those of the side 
walls. Tailing drops out of 
—^ Assay the bottom of the bubble 

column by gravity. 

^ 4. Course of enrichment in flotation The effective forces in the 

machines. separating zone are adhesion 


If 


Pulp /eve/ 


Qj 


Fig. 4. 


Assay 

Course of enrichment in flotation 
machines. 


„ . at a liquid-liquid interface in 

the bubble wall as developed in Chap. 16; gravity and the drag of 

interbubble fluid; and mechanical push of the rising bubbles. The 
varying directions of the resultants are indicated by the tortuous path 
of the falling particles in Fig. 12, Chap. 16. 

Continuous supply of active bubbles is insured by use of blankets with 
sma 1 pores which release the air in bubbles rather than in streams; by 
keeping the blanket surface horizontal so that air discharges all over 
the suiface rather than only at the high points where back pressure due 
to the i educed head of pulp is lowered; by preventing sand from settling 
on the blanket, which increases back pressure under the areas on which 
it accumulates; and by preventing blanket clogging by precipitation 
within the pores. Except for the first requirement this prescription 
has not been met successfully in Callow-type cells, with the result that, 
despite the promise of optimum air sweeping in the idealized section 
shown in I ig. 3, other forms of machines have proved superior, and the 
simple mat-type cell has largely disappeared from the mills. 

Repetitive treatment of impoverished pulp is obtained by repeated air 
sweeping of the pulp stream as it flows from feed end to tailing discharge. 
In this way particles dropped out of the bubble column are returned 
again and again—unfortunately nonselectively. Some repetition of treat¬ 
ment of partially enriched pulp can be obtained by purposeful elongation 
of the horizontal path of the upper layer of the bubble column to the over¬ 
flow lip, particularly if this is effected by passing it over a part of the 
pulp that is not being air-swept, but in general further enrichment is 
effected by treatment of the partially enriched material in another cell. 
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The results of the difference in mechanism between agitation-froth 
and bubble-column machines are strikingly shown by plotting on Fig. 4 
the assays of samples taken in an agitation-froth machine treating the 
same pulp as that for which curve P-13 was plotted. The sample points 
in this case ran in sequence from a point above the impeller zone in Fig. 1 
and thence through that zone, the upper passage into the spitzkasten, 
and along the arrow upward to and through the froth layer. The assays 
up to the top of the pulp in the spitzkasten plotted along line P. But 
the first sample, z, in the froth assayed substantially the same as that 
at the top of the froth, at the intervening points, and as the overflowing 
froth itself. Here, in contradistinction to the bubble-column machine, 
the bubbles arrived at the pulp level in the spitzkasten with their work 
of selection completed—that work was done in the pulp. 

The reason for coincidence of the vertical sections P of both curves 
is made apparent by probing the machine with the inverted water-filled 
barometric tube. When this is anywhere in the agitation compartment, 
minute bubbles and bubble aggregates, more or less heavily coated with 
concentrate mineral, rise in the clear water in the tube. At first they 
break and form an air space above the water. Part of the mineral forms 
a skin float at the surface, and part falls back in the column. After 
awhile the bubbles arriving at the top form first a scum under the water 
surface and eventually a little froth layer. The same thing is true when 
the lower end of the tube is in the spitzkasten above the entry port. 
Below the entry port there are very few bubbles. 

The bubbles and bubble aggregates caught by such a tube are of the 
same size as those in the froth and are very much smaller than the cross- 
section of the sampling pipes. That they were uniformly dispersed 
through the pulp is shown by uniform color of the pulp in the agitation 
chamber and in the upper part of the spitzkasten. Hence, despite the 
fact that they represent segregation of the mineral constituents of the 


pulp over very small distances within the body of the pul]), no mass 
segregation occurs until they leave the pulp and enter the froth. There¬ 
fore the segregation does not show in the pulp assays. 


Confirming evidence of segregation within the pulp during agitation 
is had bv batch treatment in a machine with transparent walls, using 
minerals that are distinctly dark and light colored, e.g.. galena and 
quartz. If the color of such a pulp is observed during agitation before 
addition of reagents, it is gray owing to the fine dispersion of the galena. 
Shortly after addition of reagents it begins to become lighter and 
becomes progressively more so until, just before the impeller is stopped 
to permit froth to collect, the color is not greatly darker than that of a 
quartz pul]). The lightening is due, of course, to aggregation of the 
dark coloring material, with consequent decrease in tinctorial values 
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The immediate upward rush of coated bubbles on cessation of agitation 
is further visual confirmation of already finished selection. 

Summarizing the differences indicated in Fig. 4, when a bubble takes 
the short vertical step through the pulp surface from x to y in a bubble- 
column machine, its concentrating duties have just begun; when the 
corresponding step is from x to z in an agitation-froth machine, the 
selective separating action of the bubble is all over and has been for an 
appreciable time. 

The modern form of the mat-type machine is the Macintosh cell. 
The blanket is wrapped around a perforated pipe, 4- to 9-in. diam., 
which is revolved at 15 to 20 r.p.m. in the bottom of a horizontal 
V-shaped trough 3 to 4 ft. wide at the top and up to 30 ft. long. Tight 
stretching of the blanket tube around the cylinder eliminates bellying, 
revolution prevents build-up of settled sand, a longitudinal fin outside 
the blanket keeps heavy sand in sufficient suspension so that the flow 

of pulp carries it along, and so 
all the disabilities of the flat 
mat except precipitation clog¬ 
ging are overcome. Use of 
punched rubber sheeting in 
place of twilled canvas for the 
mat does away with clogging, 
but at some sacrifice in fine¬ 
ness and number of bubbles. 
Power consumption averages 
about 1.5 ~ 2 hp-hr. per ton. 

Internal-pump pneumatic 
machines are called subaeration 
machines. The best known 
are the Fahrenwald (Denver), 
Weinig, and Fagergren. All 
(Fig. 5) transversely divided 
into a number of compartments or cells B roughly square in plan and, 
in the center of each cell, near the bottom, an air pump comprising a 
rotor C mounted on the lower end of a vertical spindle D, an adjacent 
suitably conformed stationary part (stator) E, and a pipe F surrounding 
the spindle and extending from above froth level to a circular hood at 
the bottom that spreads to or beyond the periphery of the rotor circle 
and comprises the upper part of the stator. Pulp level is indicated by 
dotted lines L and the side-overflow lip by line O. 

At rest, pulp would, of course, stand at the same level inside and 
outside F. With the impeller rotating, the pulp beneath E is thrown 



Fig. 5. Elements of a subaeration flotation 

machine. 

consist essentially of a long trough A 
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outward and a void is created into which atmospheric pressure drives 
air. This becomes engulfed in the maelstrom at the impeller and passes 
with the pulp outwardly from beneath E. The body of pulp above E 
is stilled by suitable baffles so that the rising bubbles collect at the pulp 
surface to form a bubble column. 

Differences among the various types are principally in the forms of 
rotor and stator. The Fahrenwald and Weinig rotors have a plate on 
the bottom with upwardly extending blades, and the stators have 
correspondingly formed depending blades. The Fagergren rotor is a 
vertical squirrel cage, and the stator is a similar cage surrounding it. 
The stators serve to prevent free rotation of the body of pulp adjacent 
to the rotor and thus aid in shearing large bubbles into small ones and 
dispersing them through the pulp in the agitation zone. 

ihe separating zone is, of course, the bubble column, with separating 
forces and in-and-out transport as already described for the general 
case. All the air introduced goes to the making of active bubbles. 
Repetitive action on partially impoverished pulp is had in each cell by 
recirculation of air-free pulp through ports such as G back into the 
aerating zone, and by repeated treatment in successive cells. Flow 
from cell to cell is through passages designed to maintain the desired 
pulp levels (usually and best over adjustable weirs), with delivery either 
under the impeller or by pipe to the air downcomer just above the stator 
hood of the following cell. Partially enriched material can be retreated 
in other cells of a multiple unit by taking advantage of the pumping 
action of the rotors. 


A form of subaeration machine in which the air actually—although 
not necessarily—comes from an external pump is found in the M-S 
(Minerals Separation) and Agitair machines. In these the rotor is top- 
shrouded and an air pipe through the bottom of the cell terminates 
beneath it. This air may be flowed in by the centrifugal-pump effect 
of the impeller, but the quantity is normally insufficient with the im¬ 
peller and speeds employed, so blower pressure is used. Otherwise 
these machines do not differ in action from those described. 

Subaeration machines are described as to size by giving impeller 
diameter or the horizontal dimensions of the compartments, and the 
number of the latter. Horizontal dimensions range up to GO in. sq., 
and rarely more than six in series constitute a stage (see p. 317), although 
more may be built into a given multiple unit. Impeller speeds are 
normally from 1,500 to 2,000 f.p.m. peripheral. Power consumption 
averages somewhat less than that of agitation-froth machines and some¬ 
what more than that of other bubble-column machines. 

It should be noted that when stator and rotor are conformed and 
spaced for maximum opposition, and the rotor is run at high peripheral 
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speed, conditions are ripe for agitation-froth action, and this undoubtedly 
occurs. Transport of floatable mineral to the bubble column is thus facil¬ 
itated. For mineral thus transported the bubble column acts as a cleaner. 


Cascade-type machines depend for bubble-column air on engulfment 
following sudden depression of a horizontal water surface by a slug of 
pulp and subsequent closure of the depression at the top. The engulfed 
bubble is thereafter carried downward in the local current induced by the 
momentum of the entering mass. The action is readily studied visually 
by dropping individual pebbles into still clear water and observing 



Fig. 6. Successive steps in cascade-type aeration. 


closely the behavior of the pebble wake. An animated strip of the air- 
watei-pebble system is shown in Fig. 6. Aeration is not effected when 
a smooth stream of water falls vertically into a body of water, no matter 
what the velocity, but immediately the stream wavers or breaks, air is 
introduced. Neither does a glass rod dropped point downward introduce 
air, but one with a cupped end always does and one with a heat-rounded 
end usually does. Particularly if greasy, a dry pebble is more effective 
than a wet pebble, and a greased dry pebble more so than one ungreased. 
Sometimes a bubble is carried in beneath the pebble as well as behind it. 
Under suitable conditions the sequence 1, 2, 3, 2, 1 occurs with a falling 
drop of water, the motion arrow being upward after position 3.* 

I he greater the velocity of the aerating body, the more air is 
introduced. 

1 he elements of cascade aeration are: small masses of pulp in free fall 
through gas; a body of pulp beneath; such form of the falling masses 
that they oiler considerable resistance to motion of displaced pulp past 
them as they strike; high relative velocity; and a lag in wetting of 
the entering mass by the body of liquid. Reference to the drag coef¬ 
ficients and streamlines in Chap. 5 explains the shape effects. The 
same chapter shows the effect of relative velocity on the filling in of 
fluid behind a body moving through it. The 1920 movie cited above 
shows t hat even with reasonably clean water there may be an appreciable 

* Photographed in the author’s laboratory in 1920. 
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time lag between apparent contact of two liquid bodies.* Whether the 
frothing agent present in a flotation pulp increases the time lag before 
coalescence by adsorbing at the surfaces and making a condition 
analogous to the greased pebble lias not been proved, but it can be 
argued quite plausibly on the facts of Chap. 10. 

The structural elements peculiar to a cascade-type machine are a 
means for projecting masses of pulp against the body of pulp at a 
sufficient velocity and other means for protecting the bubble column from 
pulp spatter. The first ele¬ 
ment has been supplied in two 
ways: (1) by using an external 
pump or elevator to gain head 
and consequent velocity, and 
an injector-type nozzle to 
break the stream into frag¬ 
ments: (2) by using an internal 
elevator for head and discharg¬ 
ing through a large number of 
square-edged orifices which 
tend to cause tie- jets to break 
quickly into large drops. Spat¬ 
ter protection is gained in both 
by placing a splash hoard be¬ 
tween the zone of air intro¬ 
duction and the bubble column, projecting tin* lower edges of these 
boards into the pulp, and forcing the pulp carrying bubble-column air 
to pass below them. 

The present-day commercial cascade machines are substantiallv all of 
the internal-elevator type in which the elevator is an air lift. These are 
the so-called matless cells. The commercial progenitor was the For¬ 
rester cell of which Fig 7 o a diagrammatic transverse section. The 
structural element - are the hopjH-r-sha|>ed t rough .1 , l to 1 1 ■> ft. wide, 3 ft 
deep, and up to MM) ft. long the air-lift eti-s-mble comprising longitudinal 
partition walls H and air pipe- (' depending from header !>\ and other 
longitudinal partitions il a- -p! i-h protectors. Highly aerated pulp in 
tin- air lift is di-pl t< »-d upward by the |e»- aerated pulp outside, surges 
over the top. In-dug much its or. and splashes into the pulp standing 
let ween H and / I lie tank pulp thus receive-, It- bubble-column air 
whe h is carried under and through die perforations in partitions /■,' and 
then rises a i in lie »t« d bv the dot ted arr* m -. while the main pulp stream 

0 \ Till 111.1% il-q » -*• ril'd I • t • I 
Ut full u few ii»» L* * l-r* t-.ir..- :n i• 

cn^iofml iim h* 



i» .*• r 


•»v. mg a i'MjV.#* Mrcviin from a tap 

fi'.> if- r in un overflowing r ( )<•_ 

11-v rq.ileM f vs jf}i it. 


f 1*** orf a* 



316 


FLOTATION MACHINES AND ROUTINGS [Chap. 17 

completes a convolution of its spiral path by returning to the foot of 
the air lift. 

The air-lift machine operates at a blower pressure much lower than 

that required for mat-type machines, but uses so much greater volumes 

of air that it has little or no advantage over Macintosh cells on the 
power score. 

Other forms of internal-elevator cascade-type machines use mechanical 

elevators. The K and K elevator is essentially a high-speed bucket 

wheel, the Kraut a vertical spiral pump, and the Turbo a vertical 
propeller pump. 

When a deslimed pulp of low water-solid ratio (thick pulp) is agitated 
with collecting reagents that include upwards of a pound of a moderately 
heavy fuel oil per ton of ore, the floatable particles become frosted with 

minute air bubbles and tend to form agglomerates of 
two to half-a-dozen particles cemented together by 
adhesion of adjacent particles to bubbles common to 
their surfaces. Such an agglomerate is shown dia- 
grammatically in Fig. 8, in which the hatched figures 
are the particles and the smaller rounded areas repre¬ 
sent the bubbles. Extension in the third dimension 
is assumed. This is undoubtedly contact bubble at¬ 
tachment as in contact-angle testing, with the neces¬ 
sary pressure and time-factor the results of thick- 
pulp mixing. 

Aggregates such as these are normally too heavy to float in water but 
readily work to the top of a shallow layer of agitated sand, as on the 
deck of a shaking table, and, arrived at the surface, they wash down the 
table deck and discharge on the tailing side while unagglomerated sands 
continue between the riffles to discharge at the concentrate end. This 
operation is table flotation or, less accurately, agglomerate tabling. 
Other methods of stratifying the mixture and washing away the upper 
stratum, e.g., jetting into a thin layer carried on a conveyor belt, or 
running the oiled pulp over a Humphreys spiral, are also used. Bubble- 
column machines will also make a separation in a thinned pulp, adding 
more bubbles, which rise under and become entangled in a heavy mat 
agglomerates, but the operation is cranky, owing to the necessity to 
flush the float material off a few seconds after introduction into the 
machine, before the agglomerates are broken by agitation. 



Fig. 8. An ag¬ 
glomerate of air 
bubbles and oiled 
mineral particles. 


It was stated early in the discussion of concentration that a given 
concentrating operation cannot make the highest practicable grade of 
concentrate and the lowest practicable grade of tailing from a given 
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feed as the only two products of a single treatment step. It has appeared 
in discussion of the different types of flotation machines that all of them 
perform repetitive treatment of a progressively impoverished pulp, but 
that none, barring perhaps a subaeration machine operated with intense 
agitation, does anything in the way of repetitive enrichment. To effect 
this float products must be subjected to successive concentration stages.* 

A concentration stage is a concentrating treatment in which only two products 
are made. A machine may discharge a plurality of streams, but determination of 
the number of concentrating stages involved in its action is based on the rule of the 
preceding sentence. Thus in Fig. 9, item A, a ten-cell Fahrenwald machine is 
pictured in which ten separate froth streams are overflowed while the underflow 



A 

Feed 



4 

D 


Fio. 9. Flotation stages. 


passes along from cell to cell within the trough until the underflow of cell 10 dis¬ 
charges as tailing. The first three overflow streams are combined into one con¬ 
centrate product. The remaining seven streams are combined into a middling 
w Inch is counter flowed to cell 1. The machine as a whole makes only two products* 

I ut it constitutes two stages. 1 he first stage comprises the first three cells and makes 

tuo Products: concentrate and an impoverished middling. The latter is retreated in 

the remaining seven cells to make two products: tailing and an enriched middling 

he two stages are called roughing and scavenging respectively, and the routing is 
designated rougher-scavenger. K 

In item B the same machine is shown differently arranged. It still makes two final 
products But it involves four treatment stages, successively in cells 4 to 10, 3, 2 and 

II he first stage ,s roughing, and the others progressively are cleaning, recleaning, 
and re-reclean,ng or third cleaning. The routing is called rougher-cleaner 

Routings A and B are shown much more clearly and briefly in items C and D 
respectively. I he convention is explained in Chap. 24. ’ 
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Mill routings are rarely as simple as the typical flows just described 

but comprise mixtures of the two types best fitted, in the judgment of 

the operator, to his ore. But neither are they as complex and varied 

as hrst study of a number of them might lead one to believe. Rather 

they tend to group themselves in character according to a few simple 
principles: 

1. For an ore in which the sought-for constituent has a high unit 
value, repetitive treatment of the main pulp stream for high recovery 
is the predominant feature. 
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Sunshine Mining Co. 
(Silver ore) 


2. For an ore in which grade of concentrate is important, cleaning 
predominates, particularly if the ore is free-floating. 
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Utah Copper Co. 
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St. Joseph Lead Co. 

If the ore is slow-floating, a scavenger is added. 
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American Zinc Co. Minas de Matahambre 

3. When the ore contains two or more valuable constituents to be 
separated by differential flotation, scavenging is customary in the flota¬ 
tion of the first mineral to compensate for low intensity of treatment 
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Bunker Hill & Sullivan Min. Co. 

... the roughing stage. Scavenger float is often returned to the grind¬ 
ing mill © to obviate reflotation of depressed mineral in locked middling. 
Scavenging is usually required in floating the second mineral to over- 
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come preceding depression treatment. Cleaning is normally multiple 
for each mineral because of the requirement for low-intensity treat¬ 
ment. Conditioning tanks 0 are used to give time for depression or 
activation. 

An alternative method of making a two-mineral differential float 
consists in making a high-grade mixed float (bulk float) of the desired 
minerals and then depressing one of them. 
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Anaconda Copper Co. (Lead-zinc plant) 


The bulk float is dewatered in the thickener G in order to be able to 
have the desired concentration of depressant solution in 7 with a mini¬ 
mum of reagent. 

4. When one of the gangue minerals is floatable and occurs in close 
association with a valuable mineral in general finer-grained, it is cus¬ 
tomary to make a bulk float of the two, then regrind and float the 
valuable mineral preferentially. 
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(Largely pyrito) 


Miami Copper Co. 


5. The advantage of a smelter on the premises and of a market for 
sulphuric acid is indicated in the following flowsheets: 


I 2 

~ m ~ 

Anaconda Copper Co. 
(Copper plant) 
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U. S. Smeltine. Refining & Mining Co. 
(Midvale plant) 


The same flowsheet as the Anaconda above is also used at many small 
gold mills where the gold is associated with small amounts of pyrite, 
and is thus eoncentratable into small bulk for shipment to a smelter. 
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Review questions 

1* *' )efine: agitation-froth machine; bubble-column machine; routing; rougher- 
scavenger flow; concentrate-middling routing; rougher-cleaner routing; Callow 
cell, air sweeping; subaeration machine; cascade machine; matless cell; thick 
pulp; table flotation; agglomerate tabling; concentration stage; bulk float. 

2. Name the functional elements of a flotation machine. 

3. What is the final criterion of the type of a flotation machine? 

4. What are the structural elements of an agitation-froth machine? 

5. Identify and place the functional elements of an agitation-froth machine; 
Callow cell; subaeration machine; Forrester cell; in table flotation. 

6. What sequence of operations is involved in production of active bubbles in 
an agitation-froth machine? 

7. Describe the mechanism of air engulfment in an agitation-froth machine. 

8. How is the size of an agitation-froth machine denoted? 

9. What impeller speeds are employed in agitation-froth machines and what 
factors determine speed? 

10. What determines the capacity of a flotation machine? 

11. What is the average power consumption in agitation-froth flotation? On 
what factors docs it depend? 

12. Name the basic types of bubble-column machines, and state the basis for 
the classification. 

13. State the normal size range of bubble-column troughs. 

14. Describe the action in the separating zone of a Callow cell. How is aeration 
effected in it? How is pulp transport to the separating zone brought about? 

15. Of what importance is air sweeping in bubble-column machines? Has it 
similar importance in agitation-froth machines? 

16. Give in detail the argument in support of the proposition that the bubble 
column is the separating zone in a Callow cell. 

17. What expedient is available for prevention of overloaded bubble columns? 

18. What are the effective forces in the separating zone of a bubble-column 
machine? 

19. What means are used in mat-type pneumatic machines to insure the supply of 
active bubbles? 

20. What expedients are available in bubble-column machines for increasing 
concentrate grade? 

21. Sketch typical curves of assay vs. position in machine for bubble-column and 
agitation-froth treatment of the same pulp and show the bearing of these curves on 
the question of difference in mechanism between the two types of machine. 

22. Give the essential structural features of a Macintosh cell and point out in 
what ways it overcomes the weaknesses of the Callow cell. What are its usual 
dimensions? 

23. Name and describe the characteristic structural elements of a subaeration 
machine. 

24. Describe the methods of air introduction in subaeration machines. 

25. What structural and functional elements characterize the differences between 
various subaeration machines? 

26. Name the principal subaeration machines. 

27. How are subaeration machines designated as to size? Give usual size ranges; 
speed ranges. IIow does their power consumption compare with that of other 
flotation machines? 
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28. How is agitation intensity changed in subaeration machines? What effect 
does increase have on the location of the separating zone? 

29. Describe the mechanism of aeration in cascade-type machines. 

30. Name the structural elements peculiar to a cascade-type machine. 

31. What is the range of trough sizes in Forrester cells? 

32. Explain the function of the air lift in a Forrester cell. 

33. Name the basic routings in flotation circuits. What is their purpose? 

34. Under what conditions is scavenging desirable? Re-recleaning? 

35. Give flowsheets for alternative routings for differential flotation of lead- 
zinc ore. 

36. Sketch a suitable routing for an ore in which chalcocite occurs in very fine 
veinlets in and sis coatings on pyritc grains that free with 20-mesh grinding. 

37. Keeping in mind the functional elements of a flotation machine, list the struc¬ 
tural features that should be examined in comparing different machines for a given 
service. 

t38. List in order the steps to be followed in determining size specifications for a 
given type of flotation machine to treat a given hourly tonnage of a particular ore. 

39. What should be the effects of doubling the depth of an air-lift cell? 



Chapter 18 

FLOTATION V: 

OPERATION 

Note. The scope of this chapter is beyond the comprehension of the beginning 
student in ore dressing. Apprehension of its tenor such as can be acquired by careful 
reading should be required of him, but study of the detail required for answering 
many of the Review Questions should be deferred for later courses. 

Operation is, of course, the essential determiner of efficiency in every 
part of an ore-dressing plant, but only with flotation are the demands on 
operation so varied, its effects so profound and immediate, the influence 
of ore history so marked, and defects so disastrous. 

Operation of the flotation plant starts—whether the mine’s staff 
likes it or not at the mine face. As soon as ore is broken, the minerals 
begin to alter chemically under the influence of air and water, and 
substances other than ore begin to be added to it. 

Chemical alteration is less the drier the mine, the lower the tempera¬ 
ture, the more siliceous the ore, and the shorter the elapsed time from 
blasting to entry into the flotation cell. With nonmetallic crudes 
alteration is rarely of such kind or extent as to be harmful; but with 
sulphide ores, particularly complex ores and massive sulphides contain¬ 
ing copper minerals, alteration is normally rapid and may be of such 
extent as to have serious effects on both grade and recovery owing to 
overoxidation and self-activation. The best remedy in such cases is 
compromise between mine-operating schedules dictated by the economics 
of excavation and mill tolerances determined by the skill of the flotation 
operator in compensating for overhasty nature. 

The unintentional additives to the ore stream are almost all, un¬ 
fortunately, organic in nature. Greatest in quantity, usually, is wood 
in various stages of decay. This, according to its nature, may add oil, 
resin, tannin; it always chips to build up on froth-overflow lips and 
tailing weirs, and to clog pump lines, sand passages, and the like. 
Tobacco adds similar ingredients. Most of the lubricant used in the 
mine and in the crushing and grinding sections of the mill ends up in the 
flotation cell; it often totals an amount per ton of ore of the order of 
magnitude of usual collector and frother additions. Lubricating oils 
normally contain various “dopes” to aid them in coating the surfaces to 
be lubricated. They do this by the same reactions that lead to collector 
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coating. They are often fatty acids and soaps and are consequently 
nonselective. Remedies are, of course, exclusion so far as practicable, 
and intelligent purchase of lubricants. 

Possibly the greatest sin of the mine against the flotation plant is to 
send it feed that fluctuates rapidly and without warning in mineralogical 
composition. Optimum operation of flotation demands a feed that is 
constant in rate, mineral kind, and mineral proportions. Minor fluctua¬ 
tions can be accommodated after a certain amount of operating experi¬ 
ence has been built up. Major changes can be handled if they come 
gradually best if they are foreseen. But large fluctuations that come 
rapidly, even with warning, will usually cost more in mill losses than it 
would cost the mine to obviate them. 


The water supply to a flotation mill should be considered as much a 
part of the raw feed as the ore is because the extraneous materials that 
it contains can activate or depress, consume reagents, and, in extreme 
cases, precipitate in and clog up supply pipes and passages in flotation 
cells. The extraneous materials may be dissolved salts, excess hydrogen 
ion, fine inorganic solids (slimes), or organic materials such as tannin, 
so-called humus acids from decaying vegetable matter, and lubricants. 
If water comes from a fresh-water lake or stream, or from artesian wells, 
ami is not reclaimed and reused, the extraneous material is small in 
amount and there is normally no difficulty. But if the fresh-water 
supply is insufficient and must be supplemented by mine water and 
reclaimed water from tailing and concentrate, dissolved material builds 
up in the circuit, and surface run-off from the working and living areas, 
if it reaches the settling pond, brings in altered clayey slimes and organic 
materials. Leaching during grinding may easily add upwards of 
200 p.p.m. of dissolved salts to fresh water, with further additions on 
reuse. Some mills report 5,000 to 7,500 p.p.m. in mill waters. The 
principal ions are usually Ca, Mg, and SO.,, but Na and Cl are sometimes 
high; 550 p.p.m. of Zn and 850 p.p.m. of II 2 S0 4 are reported from one 
mill. Copper and iron are usually low. 

Sulphide flotation can adapt to almost any dissolved-salt content, if 
it remains constant, but change requires change in the procedures for 
adaptation and thus causes trouble. Calcium and magnesium must be 
removed by water softening when carboxylic collectors are used, i.e. 
in most nonmetallic flotation. Slime and the organic contaminants 
always cause trouble both because there are no good means to combat 
them and because they tend to be irregular, e.g., to increase after heavy 
rains, or to vary seasonally. 

Hydrogen ion is normally neutralized by lime; Ca ion is precipitated 
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by CO 3 from soda ash and Mg by OH from the same reagent; iron 
is thrown down as ferric hydroxide; alum may flocculate slimes, or they 
may sometimes be swept down by magnesium and ferric hydroxides. 
These various treatments, commonly only necessary in the use of re¬ 
claimed water, are performed in the tanks and ponds in which separation 
of water from tailing is effected (see Chap. 7). 

Assuming conditions as to ore and water supply adjusted to a practical 
optimum, flotation operation starts with the grinding circuit, wherein a 
variety of things happen that have marked effects on the subsequent 
separation. It is here that the overall character of the feed rate to 
flotation is determined, and distributors that follow the classifiers 
determine feed rate to individual rougher units. Here limiting particle 
size and, to a degree, overall particle-size distribution and the relative 
sizes of float and underflow particles are fixed. Here the water takes up 
an added load of dissolved salts, and the spontaneous reactions of the 
various minerals with their environment begin. Time and temperature 
become important to a greater extent than formerly. And here oppor¬ 
tunity is offered to begin the various measures of aid and protection 
that are necessary for efficient selective bubble attachment. 

Constant feed rate or, with a bin feed that varies with time in size and 
hardness, a variable feed rate that will maintain a fixed product size, is 
so important to grinding performance that care is taken to attain it on 
that score alone. Methods are described in Chap. 23. When, however, 
there are several grinding units and/or several parallel rougher units, 
equal care should be taken to see that the streams to the roughers are 
equal or suitably proportionate to rougher capacities as the case may be. 
This cannot be done by launder splitting or with the usual stationary 
distributor, although this is usually attempted to save headroom; some 
type of mechanical distributor (see Chap. 23) is required. 

Usual methods of combating feed-rate variations are to change the 
quantity of collector or frothcr or both, to change pulp level so as to 
equalize machine time-factor, or to change air supply where this is 
possible. But such changes are normally overdone, time is required 
for the effects to be perceptible, their effects are interrelated, and the 
result is normally a period of unsettlement during which tailing assay 
rises and concentrate grade falls. 

Limiting particle size of feed to a flotation cell depends upon the rela¬ 
tion existing between the net gravitational force acting on the floatable 
particles and the levitating effect available, upon the sand-transport 
ability of the machine, and upon economics. 
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Quantification of the effect of gravitational pull in froth flotation is 
not practicable, but existence of an effect is readily proved. Thus the 
stability of a skin float of granular collector-coated particles of the same 
mineral decreases with increase in particle size, and with the same 


collector floats of lighter minerals 
at any given size are the more stable. 
Since interface conditions are alike 
in agitation-froth flotation and skin 
flotation, relative stabilities of at¬ 
tachment at the air-liquid interface 
should be in the same direction. 
It is common experience that coal 
(sp. gr. 1.7 '— 1.9) can be floated at 
a much coarser limiting size than gold 
(sp. gr. 10 ~ 18); that coarser sizes 
of a given mineral can be floated from 



Fig. 1. Relation between limiting 
particle size and tailing assay in froth 

flotation. 


a thick than from a dilute pulp, all 

other conditions being equal; and that bubble-column machines in 
which there is upflow of pulp under a considerable portion of the bubble 
column (subaeration machines) will float coarser mineral than those in 
which such upflow is absent (cascade-type machines). 

Results in practice are in accord with the generalized curves in Figs. 1, 
2 , and 3, but the courses of these curves cannot be attributed solely to 

differences in gravitational pull 
j / caused by particle size. Thus in 

' Fig. 1 much the same curve would be 
obtained if the abscissae were per- 
|j|] ’ centage liberation increasing from 

I right to left. The dotted portion of 

this curve reflects difficulty in flota¬ 
tion of ultraline free mineral. 

The curves in Figs. 2 and 3 are 
much more complex in nature. 
Rearing in mind that each figure re¬ 
lates to a single product, considered 
typical, the characters of the differ¬ 
ent size fractions can be read in the 
light of experience. The tailing 
(Fig. 2) at the size of minimum assay will normally contain no free 
mineral. From this it must be inferred that, since liberation is more 
complete in the finer sizes, the higher assays of these fractions denote 
increasing quantities of free mineral. Sorting tests confirm this. 
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The cause for failure to float this fine mineral has not been isolated. 
The loss is, in general, less in bubble-column machines than in agitation- 
froth machines, and less in the latter than in the other precipitation 
processes. The unfloated particles are collector-coated, so that the 
difficulty is assignable to the bubble-attachment step. The improved 
flotation in bubble-column machines could flow from the difference in 
selective interfaces, and the failure to make better recovery in these 

machines would then follow from the 
low settling rate in the interbubble 
water, which would prevent presen¬ 
tation of the particles to the inter¬ 
face. But this must be considered 
pure speculation until further facts 
are at hand. 

The rise in tailing assay in the 
coarser fractions, taken alone, might 
be read to denote simply a progres¬ 
sive decrease in liberation. But 
sorting tests show that, while this is 
part of the cause, there is, addition¬ 
ally, a failure of coarse free mineral 
to float. This is reflected in the ac¬ 
celerating fall at the coarse end in 
Fig. 3, the concentrate containing a progressively larger proportion of 
locked mineral. The drop at the left end of this curve is attributable 
largely to fine gangue flushed over in the attempt to keep down tailing 
assay. 

The levitating effect is greater when the three-phase line involved in 
bubble contact is gas-solid-liquid, as in the gas-precipitation and the 
pressure-contact processes, than when it is liquid-liquid-solid, as in 
bubble-column machines. Conversely, however, the rapid establishment 
of contact in a bubble column, and the comparative multiplicity of oppor¬ 
tunities for contact therein, decrease the differential against it. Use of 
a little oil in collection strengthens bubble attachment, and both wood- 
and coal-tar creosotes stiffen froths and increase levitation. Fine- 
bubble froths act like fine screens in resisting downward fall of solids, 
unfortunately nonselect ively. Levitation also increases with intensity 
of agitation and thoroughness of air sweeping. 

Sand transport sets a limit on maximum size in a given machine for 
minerals of a given specific gravity. Of today’s processes, table flotation 
can handle the coarsest feeds; in other methods transport ability is a 
function of pulp velocity and the slope of the floor of the pulp passage. 



Fio. 3. Effect of particle size on con¬ 
centrate grade in froth flotation. 
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Few agitation machines can transport 20-mesh particles of 2.7 sp. gr., 
even with auxiliary sand passages, and the maximum is lower than this 
for bubble-column machines other than the cascade type with external 
elevators and tanks of small horizontal cross-section. 

Economics becomes the determiner of limiting size once the physical 
limitations have been satisfied. The proper economic measure is the 
excess of returns over cost plus losses. The dissemination of the 
valuable mineral in the ore and the grinding and classifying characteris¬ 
tics of the ore minerals constitute the independent variables in the 



Fio. 4. Relation of grinding cost to Fig. 5. General nature of particle-size 
limiting size of flotation feed. distribution in grinding. 


problem; the exponential rise in grinding cost with decrease in limiting 
size (Fig. 4) and the shapes of the characteristic recovery-size (Fig. 2) 
and grade-size (Fig. 3) curves for a given feed are the principal dependent 
variables. 

Liberation is the first requirement, of cotirse, but maximum liberation 
and optimum economic liberation are usually quite different owing to 
the physical character of the ore and to the operating characteristics of 
grinding mills and classifiers. Thus the size-distribution curve for a 


ground product is characteristically concave upward when plotted to 
the ordinates of Fig. 5, but the degree of concavity varies with the ore, 
the kind of grinding mill, the guard used in the grinding circuit, and the 
method of operation of both mill and guard. Further, since minerals 
differ in friability, mineralogical distribution is changed by grinding and 
the more friable constituents concentrate in the fines irrespective of 
their size distribution in the crude. When the size guard in the circuit 
is a mechanical classifier, which is predominantly the case in flotation, 
the heavy mineral must be finer than the light in order to overflow, and 


further concentration into the fine end ensues, 
and higher specific gravity coincide, as in the 


When greater friability 
sulphide minerals in the 
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usual sulphide ore, the result is marked enrichment of the fine end of the 

flotation feed, as shown in Fig. 6. Typical effects of these facts flotation- 
wise appear in the following paragraphs. 

Assume a low-grade galena ore in a tough quartzitic gangue with substantially 
complete liberation at 48-mesh. Since the sulphide is a small fraction of the total 
it will not affect size distribution appreciably and the distribution curve will have 
relatively low concavity as in Fig. 5. Galena is friable and of high specific gravity 

so that its distribution will approximate 
Fig. 6, the coarse sizes being of lower grade 
than the feed and the fine sizes assaying 
three or four times the feed assay. The 
limiting size of free galena in the flotation 
feed will probably be considerably less than 
half the limiting size of that feed. Because 
of high specific gravity and consequent 
strong gravitational pull on the galena par¬ 
ticles, the trough in the tailing curve in 
of limiting ->■ Fig. 2 will be relatively narrow, since the 

^ . bottom of this trough denotes a size range 

Fig. 6. Assay vs particle size in in wh5ch substantially no free galena fails 
typical ground sulphide ore. to float . Because of the high concavity of 

Fig. 6 the maximum of the recovery curve 
will be broad (see R.Q. 19). Since the weight coarser than half-limiting from Fig. 
o is only 20 to 25% of the total, the relatively high tailing assay in this range (Fig. 
2) is of minor importance, particularly when the rate of rise is compared to the rate 
in the fine end and the relatively large tonnage at the fine end. Therefore as coarse 
a grind as the flotation machine will handle is indicated. 

The converse situation would be an auriferous pyrite rather coarsely disseminated 
in a relatively soft rock. Figure 5 would be much more highly concave, and Fig. 6 
decidedly flatter. I he maximum size of sulphide would be little or no smaller than 
that of the nonmctallic minerals. The tailing curve (Fig. 2) would have the trough 
in about the same relative position as shown, but the rise of the fine branch would be 
much less, whereas the right end might easily exceed the feed assay. The recovery 
curve will have a relatively narrow maximum (broader than the bottom of the trough, 
however), a relatively small drop at the fine end, and a drop possibly to zero at the 
coarse end. r lhus the penalty per unit of weight is high on the coarse end and low 
on the fine end, and a fine grind is indicated. 

With limited grinding capacity and a seller's market for product, a 
coarse grind is frequently desirable despite resulting steep slopes at the 
right ends of Figs. 2 and 3 and a concomitant increase in slope of Fig. 1. 

When slime is nontreatable and must be thrown away, as is the case 
with many nonmetallic feeds, the coarsest feed compatible with libera¬ 
tion requirements and levitation is, of course, indicated, and a flotation 
method adapted to coarse deslimed feed should be used. 

The grinding circuit is highly favorable to chemical reaction. The 
newly formed mineral surfaces are at the peak of their activity for the 
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temperature prevailing. Agitation is intense and of a nature that brings 
particles into rubbing contact in the presence of dissolved reactants so 
that diffusion-controlled reactions are accelerated. Average pulp 
temperatures are raised several degrees, and local temperatures at rub¬ 
bing surfaces are conceivably raised many degrees. Oxidation of 
sulphides begins, and sulphoxy compounds go into solution. Metal ions 
exchange. Metallic iron from and at the grinding surfaces competes 
with minerals for oxygen. The concentration of dissolved salts in the 
pulp increases. The heavy minerals, normally the most reactive chem¬ 
ically, spend maximum time in the circuit owing to the action of the 
classifier unless they are extremely friable relatively. 

Those actions that are harmful are combated by addition of reagents 
to the circuit, e.g., cyanide to prevent copper activation of zinc, and 
hydroxyl ion to neutralize acid formed by sulphide oxidation and to 
precipitate heavy metal ions that would consume collector. Soluble 
collector may be added to catch freshly oxidized surfaces, or oily col¬ 
lector to utilize the dispersive and smearing action of the thick-pulp 
agitation. Coarsely disseminated sulphide may be floated by cells 
placed in the mill-classifier circuit, on the theory that whenever a 
floatable particle is broken some nonfloatable slime is formed. Diffi¬ 
cultly floatable gold may be removed by a jig or table similarly placed. 

Operating variables in the flotation circuit are of two kinds: (1) major 
changes that usually involve apparatus independent of the flotation 
operation itself, and that may be complex in that they produce de¬ 
pendent changes that also affect the 
operation; (2) minor changes within 
the flotation circuit itself, which pro¬ 
duce reasonably immediate though 
rarely completely independent re¬ 
sults. The major variables are time- 
factor, temperature, and pulp den¬ 
sity; the minor, reagent kind and 
quantity, and intensity of agitation 
and aeration. 

Necessity for changes in time- ->■ Time 

factor flows from differences in the ,. IG 7 Typical time-recovery curve 
rate of flotation of different ores. in notation. 

A characteristic rate curve is shown 

in Fig. 7. With clean (unaltered) sulphide in a quartzitic gangue the 
break in the curve comes at about 80% recovery and usually less than 
1 min., and the curve becomes substantially horizontal within 5 to 
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10 min. The material floated in the first interval is the fine-sand sizes- 
the remaining time is devoted to raising the coarse sands and trying to 
raise the slimes. The rising branch of the curve with given reagent 
combinations and machine conditions has progressively lower slope with 
mcrease in limiting size, increasing oxidation of sulphides, and increased 

gangue-slime content. A slow-floating ore may require 30 to 60 min. 
for maximum recovery. 

Change in time-factor with a given machine installation is, of course, 
made by changing the feed rate to the grinding circuit; and this, barring 
concomitant change in grindability of the ore, entails change in the 
flotation-feed size, with all the effects previously discussed. 

Time-factor in conditioning for activation and depression is often and 
probably best obtained by running the pulp stream through a tank in 
which it is subjected to more or less rapid circulation for a time deter¬ 
mined by the relative volumes of stream and tank. Variation in time 
for a given flow rate is obtained by level control. 

Increase in temperature accelerates and intensifies all the chemical 
leactions involved in the process. It also aids in dispersion of oily 
insoluble reagents. An experience rule is that reaction rates double for 
every increase of 10 deg. C. Temperature is not, however, normally 
controlled, seasonal variations being taken care of, so far as possible, by 
changes in reagent and/or machine operation. By and large, recoveries 
in a given mill are lower in the winter months. 

Particle size and pulp density are dependent variables in classifier 
operation, wherefore, if particle size is to be held constant, pulp density 
may be decreased by dilution but cannot be increased without dewater- 
ing apparatus. Increase in pulp density increases levitation by decreas¬ 
ing the effective gravitational pull on particles; it increases solution 
concentrations with a given reagent addition and so increases reaction 
rates; concentrate grade for a given recovery is normally lower in thick 
pulps owing to crowding in the froth. Experience indicates that with 
normal sulphide ores optimum results in roughing are attained at 25 to 
30% solids by weight and that about the same volumetric percentage is 
best for heavy sulphides. Cleaner densities range from one-half to 
one-quarter the rougher figures, being less the higher the grade desired. 
Coarse pulps must be denser than fine for support purposes, and bubble- 
column machines need more dilute feeds than agitation-froth machines 
because bubble-transport capacity in thick pulps is relatively low. 

An ionic collector, a frother, and, usually, a reagent for pH control 
are standard for almost all flotation. The pH is normally held constant, 
and primary control is vested in the collector and frother, plus the 
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aeration intensity where this is readily variable. Activators and depres¬ 
sants are usually added in sufficient excess so that they need not be 
changed except for major changes in ore character. Best practice tends 
toward basing minute-to-minute control on a combination of frother 
and aeration, because response to these is most immediate and easily 
visible, and either prescribing definite correlations between collector 
quantity and cell conditions, or requiring operators to consult the fore¬ 
man before changing collector. The reason is that collector effects tend 
to be far-reaching, relatively slow, and not readily visible. 

Reagent feeding is best controlled as to rate by having the reagent 
in liquid form (solution, or suspension in the case of solids) and correlat¬ 
ing volume per minute with feed-rate readings from the grinding circuit. 
Large flows can be maintained satisfactorily constant through orifices 
under constant head. Best practice with lime, where the size of the 
mill justifies the installation, is to hydrate in a large agitator and 
maintain circulation through a main feed line from and to this tank 
by pumping. Small flows require special feeders which are usually 
miniature pumps or bucket elevators of variable speed or having screw- 
controlled splitters to cut a fraction of the stream, the balance return¬ 
ing to the reservoir. 

A good flotation operator is an artist. Rare under the best conditions, 
he is fast disappearing under the leveling-down restrictions of the labor 
unions. As a consequence the aim of management is to get flotation 
as nearly as possible under instrument control, preferably automatic. 
This has been accomplished with />H and with pulp density. Feed rate 
or limiting particle size can be held constant, but not both at once. A 
start has been made on control of collector, where soluble-salt content of 
the pulp correlates with collector requirements, by activating the collec¬ 
tor feeder through a relay from a conductivity cell. Assay of concen¬ 
trate and tailing in sulphide work are commonly estimated by running 
split streams over shaking tables or, less effectively, by panning and 
vanning, but translation of these showings into operating changes still 
requires intervention of intelligence. 

The cost of flotation varies with the ore. For copper ores one-half 
to three-quarters of the total is for labor and power and the balance for 
reagents; for lead-zinc tin? reagent cost is one-half to two-thirds of the 
total. Totals for flotation alone around 1930 were about 10^ per ton 
for low-grade copper or simple lead ores in mills treating upwards of 
5,000 t.p.d. and from 25 to 75c per ton for lead-zinc ores according to 
tonnage and complexity. Costs today are two to three times these 
figures. Flotat ion of nonmetallics and of oxidized ores is not yet suf¬ 
ficiently broadly practiced for generalization as to costs. 
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Review questions 


1. Define: skin flotation; thick pulp; sand transport; size distribution; slime; 
agitation; unit flotation. ' 

• A thG baSiS f ° r thG statemenfc that flotation operation starts where the ore 
is first broken. 

3- What substances other than ore are commonly found in the feed to a mill? 
What are their effects on flotation? 


4. What major advantage to flotation operation flows from cooperation between 
mine and mill? 

5. Discuss the effect of mill water on flotation operation. 

6. Compare, on the basis of pounds per ton of water, the maximum concentration 
of dissolved salts in mill water as reported in the text with the usual quantities of 
reagents used in flotation. 


7. W hat are the principal ions found in reclaimed mill water? 

8. What procedure is used for removing Ca ++ and Mg + + in nonmetallic flotation? 
In sulphide flotation ? Why is there a difference in procedure? 

9. What ingredient of mill waters is most harmful and difficult to remove in 
sulphide flotation? 

10. What factors affecting flotation are determined in the grinding circuit? 

11. Name the methods of combating inequalities in feed tonnage and explain how 
each operates. 

12. \\ hat is the normal relation between limiting feed size and recovery in a 
flotation operation? Give the reasons for this relationship. 

13. What methods are employed for increasing concentrate-lifting power in flota¬ 
tion cells? 

What is the effect of bubble size on concentrate grade? How can bubble 
size be varied? 

15. \\ hat effects has the construction of a flotation machine on the limiting particle 
size in the feed? 


Hi. What is the predominating cause for the lower assays of the coarser sizes of 
a given concentrate? Of the fine sizes? 

17. Discuss the causes for high assays in the finest sizes of a flotation tailing; in 
the coarse sizes. 


18. Why is flotation concentrate normally finer than tailing? 

19. 1 he assays of the size fractions of a flotation-feed pulp increase with decrease 
in size. Using this fact, explain why the full curve in Fig. 2 is not symmetrical with 
the dotted curve. 

20. Give facts indicating that the gravitational pull on particles is of practical 
effect in determining limiting feed size in flotation, and discuss their evidentiary 


weight. 

21. Explain why Fig. 1 is not conclusive as to the effect of gravitational pull on 
limiting particle size in flotation. 


22. Discuss the factors that determine the levitating effect of bubbles in flotation. 

23. In what way does the flotation machine limit the limiting size of flotation feed? 

24. What is the economic measure by which optimum limiting size is determined? 

25. What factors influence the size distribution in a ground product? What is 
the characteristic shape of the size-distribution curve for such a product? W r hat 
docs this shape tell about the proportions of coarse and fine particles in the product? 

20. What effect on the size distribution of the minerals in the product has the 
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mineralogical composition of the feed to a grinding circuit closed by a mechanical 
classifier? 

27. The chalcocite which is the valuable mineral in the ore at the Morenci plant 
of the Phelps Dodge Corporation occurs as thin films on pyrite in a siliceous gangue. 
The pyrite is effectively liberated in a 65-mcsh product, but much finer grinding is 
necessary to liberate chalcocite from pyrite. The flotation-plant, flowsheet is shown 
in Fig. 8. The flotation machines are of subaeration type. Correlate the routing 
with ore and machine behaviors, assuming that these are 
in general accord with Figs. 1 to 6 and the accompanying i 
text. © lA''" / 


28. What flotation method is best adapted for separa¬ 
tion of 35 ~ 100-mesh phosphate sands from finer quartz 
sand and a mixed slime of phosphatic and aluminous clay? 

Devise a pulp routing for such a plant. 

29. Discuss the chemical factors in the grinding circuit. 

30. How are harmful reactions in the grinding circuit 
combated? Give examples. 

31. What means are available for minimizing loss of 
friable heavy mineral by overgrinding when fine grinding 
is necessary for commercially complete liberation? 

32. What means may be used to prevent build-up of gold and auriferous pyrite 
in a grinding mill-classifier circuit? 

33. Sketch a flotation-rate curve and correlate the different parts with particle 
size and location in a continuous flotation machine. Give the usual range of time- 
factor to make finished tailing in a rougher or a rougher-scavenger combination. 

34. How is time-factor for conditioning usually obtained? 

35. What effects on flotation has rise in temperature? Change in pulp density? 

30. What is the normal optimum pulp density in roughing? In cleaning? 

37. What are the minute-to-minute controls in flotation operation? 

38. What are the principal elements of flotation cost and what their proportionate 
contributions? What is the normal cost range? 


—-* 

© l >"6 

a 

• 3 

Fig. 8. A flotation 
routing to meet a 
special case of dissemi¬ 
nated values (see text). 
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of concentration, 

relatively unimportant from the standpoint of the tonnages that they 

treat, but extremely useful under certain limited conditions of mineral 
occurrence. 

Separation at liquid-liquid interfaces is practiced in a number of 
superficially unrelated processes. Of these the bubble-column flotation 
process has been described (Chaps. 10 and 17). The others are amal¬ 
gamation, bulk-oil flotation, oil granulation, the grease table for dia¬ 
monds, and the Murex magnetic process. 

Amalgamation is a concentrating process in which native metals are 
separated from nonmetal gangue minerals by reason of selective wetting 
of the metal surfaces by mercury in the presence of water, whereas 


loafer 



Mercury 

Fia. 1 . Copresentation of gold (hatched) and quartz particles to a mercury-water 

interface. 

water is the selective wetter for the nonmetal minerals. The separation 
is presented strip-wise in Fig. 1. The mercury is normally anchored in 
some fashion, c.g., as a relatively thick film on a copper plate or as a 
little pool in a sluice riffle. The mixture of metal and nonmetal particles 
is flowed across it by the push of a water current. When the nonmetal 
strikes the mercury surface there is no wetting of it by the mercury, 
and because of the much higher specific gravity of the mercury (13.6) 
the particle floats on downstream. When the metal particle strikes 
the surface, assuming both surfaces clean, the mercury spreads on it as 
water rises in a clean capillary (Chap. 16) or as oil spreads on sulphur 
(Chap. 14). Thereupon either of two things may happen according 
to the density of the metal particle. Gold (sp. gr. > 17 as a native 
alloy) sinks as in Fig. 1, item 3, just as a clean needle sinks when placed 

334 



Chap. 19] 


AMALGAMATION 


335 


on an air-water interface (Appendix, Exp. 12); silver (sp. gr. @ 11) 
floats (item 2, Fig. 1) but is held from washing away by the high water- 
mercury interfacial tension (375 dynes per cm.). 

The wetting phenomenon is completely analogous to the wetting of 
sulphur by oil. The metals are somewhat soluble in mercury, e.g., 
0.14% Au is reported (9 Phil. Mag. 68 ) in mercury filtered from a gold 
amalgam; they are insoluble in water except as they may ionize and 
enter as ions in an electrolytic cell. Hence, by the same argument 
presented for preferential oil wetting of sulphur (Chap. 14), solution 
forces drag mercury over the solid metal between the metal and the 
water. 

Apparatus for amalgamation consists of devices variously conformed 
to (a) hold a body or bodies of mercury in place against the sweep of a 
pulp current while at the same time insuring presentation of the metal 
particles to the mercury-water interface; or (6) to disperse the mercury 
in fine droplets through the pulp in such a way as to cause random 
collision of metal particles and mercury, thereafter collecting the 
amalgam by gravitational separation. Essentially both apparatus 
combine gravitational and selective wetting operations, but in reverse 
order. 


Amalgamating plates are metal sheets, almost invariably of copper, 
sometimes silver-plated, initially coated one-side to the extent of about 
0.3 to 0.8 oz. per sq. ft. with an amalgam comprising about 1 part 
silver to 2 parts mercury. The amalgam is brushed onto the clean 
plate surface, the consistency—made stilTer by the silver—being such 
that although it is easily deformed by the pressure of a finger, such 
pressure does not extrude mercury. In operation this consistency is 
maintained by shaking mercury onto the plate as needed to overcome 
the stiffening caused by caught metal from the ore. 


Plates are placed in pulp streams in 


such ways and places as to bring 


the streams into contact with them 


with as much turbulence as possible 


short of an intensity that causes scour. 

Apron plates are broad shallow troughs with the amalgamated plates 
forming the bottom. Slope is 1 to 3! ■> i.p.f. according to the volume 
flowing, the particle size, and the pulp density. The test for a correct 
combination is that the pulp surface is rippled and that sand banks do 
not form. Short drops (*,-£ to 1 in.) are spaced along the flow, their 
efficacy attested by increase in the catch of metal below them. Plate 
area ranges from 1 to C> sq. ft. per daily ton, being less the coarser the 
metal to be caught. Plates may be placed in a gravity-stamp mortar 
(battery plates) or at a steep angle in front of llie battery screen (splash 
plates). These places are especially favorable for catching gold, but the 
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battery plates suffer scour to such an extent as to render their utility 
doubtful. Some catch can usually be effected by plates placed in 
launders following apron plates. 

Amalgam is removed from plates by scraping it off with a putty knife 
or an equivalent. 

Pocket amalgamators comprise a variety of devices in which mercury 
or relatively dilute and fluid amalgams are held in pools beneath a flowing 
stream. The riffles in a sluice so serve when mercury is fed in at the 
head. Traps are boxes in the bottom of launders, usually with baffles 
projecting down into them so as to produce teetering sand masses. 
Mercury fed to the launder collects at the bottom of the trap and holds 
caught metal against the scour. Grinding amalgamators are small race, 
roller, or tumbling mills (Chap. 22), run batch, in which gravity con¬ 
centrates containing precious metals are ground with mercury. Various 
reagents, e.g., alkali, ammonium chloride, oxidizing agents, and occa¬ 
sionally alkali cyanide, are added for the dual purposes of cleaning the 
metal and preventing the mercury from “sickening,” i.e., forming insol¬ 
uble compounds with an ion derived from the concentrates, or becoming 
filmed with grease. 

Caught metal is recovered from amalgam by first filtering off free 
mercury through chamois or tight canvas and thereafter retorting the 
residue to vaporize mercury adhering to the solid metal. 

Recovery of gold by amalgamation ranges up to figures in excess of 
95% where the gold is reasonably coarse and the surfaces not tarnished 
or coated with adherent films of extraneous substances. Silver recovery 
averages about 25% lower. Mercury loss ranges from less than 1% 
of that added when apron or other plates not subject to heavy scour 
are used, to as high as 25% in small ill-kept and overloaded sluice boxes. 
Operating costs are low, and the recovered metal is cheaply available 
as bullion, salable immediately and normally subject to very low 
refining costs. 

Bulk-oil flotation was the uneconomic forerunner of froth flotation. 

It used oil drops for levitation. It required a substantially deslimed 
pulp of about the same limiting size as for froth flotation, and most 
careful operation to prevent, on the one hand, oversubdivision of the 
oil and, on the other, overloading of the oil-water interface. It needed 
just about ton per ton of oil and solid in an aqueous pulp of 20 to 30% 
solids and, of course, recovery of the bulk of the oil for reuse. The oil 
was a long-range petroleum residuum of moderate viscosity; unless it 
already contained a suitable selective collector for the desired mineral, 
such collector had to be added. Recoveries and grade were low. 



Chap. 19] 


OILING PROCESSES 


337 


Oil granulation was the immediate predecessor of froth flotation. It 
involved addition of 20 to 50 lb. of a surface-active collecting oil or 
oil mixture (e.g., oleic acid or an oleic acid-petroleum mixture) 
to an agitation step like that practiced in agitation-froth flotation. 
This was followed by a period of slow agitation (called rolling) as in 
a circular agitator with baffles removed. After a few minutes of such 
treatment the collectable mineral formed rounded shot-like pellets, 
whereas the other mineral was unaffected. Separation thereupon 
could be made by gravity methods. Progressive reduction of oil to 
about G lb. per ton of ore resulted in the discovery of the agitation- 
froth process. 

When this process is followed by examination of successive pulp 
samples before a low-power microscope, the sequence of steps appears 
to be: (1) oiling of mineral; (2) selective gas precipitation with sub¬ 
stantially immediate displacement of the mineral to an oil-water inter¬ 
face by spreading of oil around the bubble (see Appendix, Exp. 12) 
and between the air and solid; (3) build-up of the oil load and of mineral 
adhering at the oil-water interface; (4) escape of the bubble by breaking 
through a thinned out portion, leaving a semispherical cup-like mass of 
oil, solid-coated outside and paper thin around the edge through which 
the bubble escaped; (5) rolling up of this mass into a shot-like granule 
in which the oil is stiffened by the contained solid. 

The Trent process for treating fine coal was substantially the same 
operation. It had the advantage over froth flotation that the granules 
were more easily dewatered than flotation froth and, theoretically, 
that the cheap petroleum residuum had fuel value and would be paid 
for by the buyer. Its economic failure lay in the fact that the mass of 
agglomerates consolidated in shipping and could not be handled in 
available burning apparatus. 


The grease table for diamonds is typical of a number of patented 
apparatus in which a surface over which liquid pulp can be flowed is 
coated with a stiff adhesive oil or grease. Since a grease is simply a 
stiffened oil, the selective surface is an oil-water interface at which the 
oil is held in a state sufficiently liquid to spread on the mineral but too 
stiff to be carried away by the flow of water across it. Then, since 
diamond is carbon which is oil-wetted without chemical reaction, it 
becomes coated and held by the grease, whereas the accompanying 
sands, which require a chemical collector to make them oil-wettable, 
do not cling and are carried away. Tins treatment is regularly used 
commercially to remove diamonds from the heavy sands which form the 
rough diamond concentrate. 
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The Murex process involves selective smearing of the surface of cer¬ 
tain minerals in an aqueous pulp with a suspension of magnetite in 
petroleum oil to which a collector for the desired mineral has been 
added, if necessary. Thereafter the smeared mineral is separated by 
gravity concentration. The process is used at a Bolivian tin mill to 
take pyrite and other sulphides out of a cassiterite concentrate made by 

gravity methods. The advantage over flotation is that 
coarser material may be handled. 

Separation on the basis of shape is possible by succes¬ 
sive screenings, first using square or round apertures and 
thereafter subjecting the oversize to slotted screens 
(Chap. 3). Another way comprises a modification of 
the method used for sorting out malformed shot. This 
consists in flowing the mixture of perfect and imperfect 
sized shot in a stream substantially one layer deep 
down an inclined plane, preferably not too smooth, e.g., 
planed but unpolished stone. The rounds, attaining 
a relatively high velocity, leave the end of the plane 
with sufficient momentum to jump a slot there lo¬ 
cated, whereas the slow-moving irregular shot drop 
into it. 

T. he spiral picker (Fig. 2), used for anthracite, depends for separation 
upon the fact that rounded anthracite rolls down the spiral slope faster 
than flat slate and bone can slide, whence centrifugal force causes it to 
travel to the outside of the spiral troughs despite its smaller mass, 
whereas the slow-moving flats cannot climb the inclined slides and 
continue on down to the bottom. 



Fig. 2. 
Spiral picker. 



B 

Fia. 3. Slot pickers. 

Slotted-screen pickers for anthracite take a variety of forms. The 
simplest, usually forming a prolongation of a shaking screen, comprises 
a series of flat bars placed with their long axes at right angles to the 
slope and so spaced and inclined that the aperture will not pass the 
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anthracite oversize of the equidimensional apertures of the screen deck, 
whereas flat waste and middling slide through (see item A, Fig. 3). 
In items B and C, also attached to the ends of shakers, the length of the 
slot is parallel to the direction of shake and the longitudinal slopes of the 
supporting bottoms are the same as that of the screen deck. 

When the valuable and nonvaluable minerals in a crude differ greatly 
in their resistance to disintegration, it is often possible to make highly 
effective separations by simple sizing following disintegration of the 
softer material. Thus clay and sand mixed with dead-oyster shell 
excavated along the shores of Louisiana and Mississippi are disintegrated 
by tumbling and jet washing in large revolving screens of relatively fine 
mesh (i/8- to i^-in.) and pass off as undersize, leaving a high-grade shell 
as concentrate. The fine clay-sand matrix of the Florida pebble phos¬ 
phates is similarly separated from the phosphatic pebble. Conversely, 
screening on coarser screens, phosphate pebble loosened from the matrix 
is separated as undersize from tough clay balls. I lard jasper is separated 
similarly from softer hematite, and friable bituminous coal is separated 
from coarse slate, bone, and sulphur (pyrite) balls. Fibrous asbestos 
associated with ordinary nonfibrous rock forms fluffy masses in impact 
breakers (see Chap. 21) while the rock is pulverized, whereupon screens 
or air classifiers effect final separation. Barite, spodumenc, and fluorite 
decrepitate, whereas their mineral associates do not, so that a sized 
mixture rescreened after heating is separated according to species. 
Vein barite associated with quartz, when ground wet with a light ball 
load in a tumbling mill (Chap. 22), grinds preferentially and forms a 
heavy medium in which the quartz floats and flows out of the mill with 
minimum breakage, whereupon it is separated on a draining screen. 
See also Chap. 3. 


When certain minerals in the crude mixtures are themselves suscepti¬ 
ble of a unique change in physical state, or one or more of the associated 
minerals is, this fact may often be used for separation. Thus sulphur 
in a crude sulphur ore liquefies and vaporizes at. temperatures far below 
those at which the rock is affected. Hence, by heating the crude in an 
atmosphere in which burning does not occur—or is permitted to only a 
limited degree to supply heat—liquid sulphur seeps to the floor of the 
furnace by gravity (liquation), whence it can be run out, or it passes off 
as vapor from which it crystallizes on cooling. 

Solid salt is (cached from underground deposits by dissolving it in 
water forced down through and recovered from bore holes, whereupon 
it may be recrystallized or used as brine. Conversely it may be crystal- 
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lized preferentially from sea water, 
silver and the leaching of copper 
operations. 


The cyanide process for gold and 
from oxidized ores are analogous 


eatmg to drive off water is a common method of effecting partial 
concentration of manganous iron ores, clays, chalks, pumice, etc., 
and of increasing the extent of concentration of other concentrates 
such as cleaned coal. Oxygen is driven off partially by heating some 
manganese ores; carbon dioxide is similarly driven off from carbonates 
to obtain the respective oxides as concentrates. 


Review questions 


1. Name four separating processes in which the separating zone is a liquid- 

liquid interface. M 

2. For what kinds of minerals is amalgamation a suitable concentrating process? 
3 Y\ hat is the function of mercury in amalgamation ? By what mechanism does 

it perform its function? 

4. What mechanism other than preferential wetting is employed in amalgamation? 

5. io what flotation operation is the preferential wetting of native metals by 
amalgamation analogous? 

6. W hat character of flow of pulp over amalgamation plates is most conducive 
to high recovery? 

7. Is amalgamation a continuous process? 

8. Describe the essential elements of (a) plate amalgamator; (b) pocket amalga¬ 
mator; (c) grinding amalgamator. 


9. State the normal ranges of recovery in amalgamation of gold; of silver. 

10. What kinds of apparatus are commonly used for amalgamation? 

11. W hat is bulk-oil flotation and what is its place in current mineral treatment? 

12. What is the mechanism of oil granulation? What is its place in current 
mineral treatment? How does it differ from froth flotation? 

13. What is the Trent process? With what kind of minerals is it effective? 
What are its industrial disadvantages? 

14. For what is the grease table used? How does it function? 

15. Describe the Murex process. Where is it currently used? 

16. Describe the mechanical methods of separation on the basis of particle shape. 
To what type of crudes are they particularly applicable? 

17. Describe methods of separation based on differences in friability of minerals. 

18. Describe methods of concentration that depend upon preferential change in 
state of a mineral in a mixture. 



Chapter 20 

PRIMARY CRUSHING 


Severance of the mineral species in an ore, at least to such an extent 
that they can be separated into valuable and worthless fractions, must 
precede separation. It was indicated in Fig. 1, Chap. 1, items 5, 7, 
and 1G and the connecting flow lines, that severance is a step-by-step 
process. The terminology of the art groups the steps as crushing and 
grinding. In a very general and indefinite way, crushing is size reduc¬ 
tion in the coarse range and grinding in the fine, but no one can set a 
dividing line on this basis. Much more precisely but still with a some¬ 
what hazy dividing line, crushing is done in machines in which the 
breaking faces are mechanically prevented from making contact, 
whereas in grinders only the material being ground prevents contact of 
the grinding elements. Crushers, dealing with larger particles, need and 
are capable of exerting the greater force—but not necessarily greater 
pressures—on the particles in the breaking zone. 

Primary crushers are the machines that take run-of-mine rock and 
start the size reduction. They should be—and are in all well-designed 
plants—capable of receiving freely the largest piece the mine can send 
along. Crushers that perform the second reduction step are secondary 
crushers, and those that follow them are fine crushers in plant parlance. 

Methods of breaking rock should be considered with respect both to 
the way in which the necessary force is generated and to the way it is 
applied to the rock particle. Additionally, the method of moving 
material through the breaking zone is important because it affects the 
size of the product and the capacity of the machine. 

It is common knowledge that campfire fuel breaks more easily across 
one’s knee than by a straight pull at the ends or squeeze at the middle, 
that when propped against a log such fuel will break when jumped on 
but will bear the same weight standing, and that chips are produced 
more readily with an axe than with a hammer. It is equally well known 
that it is normally harder to break big particles than small ones, and 
that if a powder is wanted, rubbing will produce it.. 1 he potentialities 
of a seesaw are familiar; those of the wedge, though less readily grasped, 
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are not unknown. The point of all this is that these few simple facts 
constitute the essential basis for all rock breaking. 

Large rocks require large forces to break them; therefore crushing 
machines are constructed to so arrange them that they are supported 
at or near the ends and are subjected to concentrated loads near the 
middle. These loads are built up from a relatively small belt pull to a 
tremendous force at the rock surface by progressive multiplication 



through a train of levers and wedges. On the other hand, if this same 
big lump of rock is wanted in powdered form, the forces required for the 
final breaking of the individual sand grains to powder are relatively 
small. But their number is very large. Now gravity or centrifugation 
without multiplication supplies the force; the multiplication in this 
instance is applied to the surface over which the force is exerted. 

The significance of these generalizations will appear as specific 
crushers and grinding machines are studied. They should be recalled 
and their application traced in every instance. 

The primary crushers used for hard and medium-hard rocks are 
characterized by relatively low-speed loading of particles between non¬ 
parallel crushing surfaces that converge downwardly, that alternately 
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approach and recede from each other with a small amplitude, and that 
are structurally limited to prevent contact. The V-shaped space be¬ 
tween them is open at the top for reception of feed and at the bottom 
for discharge of broken product, and material enters, moves through, 
and leaves this crushing zone by gravity alone. 

The jaw-type primary is epitomized by the Blake crusher shown in 
Fig. 1. The crushing zone A is the wedge-shaped space between the 
fixed jaw B, the swing jaw C, and parallel fixed end walls D, all covered 



Pi 

Fio. 2. Force-multiplying chain in a Blake breaker. 


with replaceable wear plates. The balance of the machine comprises a 
force-multiplying chain and a strong, heavy, rigid frame which supports 
all the moving parts and supplies the necessary backing for the members 
that apply the crushing forces to the rock. The rest of the description 
should be read with simultaneous reference to Figs. 1 and 2, which are 
correspondingly lettered. 

The growth in magnitude of the force from 1*\ at the pulley rim to 
By at the particle is indicated schematically in Fig. 2. Indicated force 
directions are always those which are positive from the standpoint of 
propagation by the chain. Frame reactions at the points indicated by 
the hatching are, of course, equal and opposite. 

The pull of the drive belt I\ applied continuously to pulley E actuates a con¬ 
tinuous lever whose fulcrum is the center of drive shaft /■ (indicated on tig. 1 by 
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the intersection of the extended diameters / and /'). The working arm G of this 

lever is the radial distance from the center of F to the crown of eccentric H which 
is integral with F. 

The eccentric is, in effect, a curved wedge forced by lever EFG between the outer 
face of shaft F (indicated by F' in Fig. 2) and the inner face I of the hub of pitman J. 
This wedge is indicated developed in Fig. 2, from which it is apparent that, driven 
continuously to the right, it causes J to oscillate vertically. It thus both transforms 
the rotary motion of E to reciprocating substantially linear motion of the lower end 
of J , and at the same time multiplies the force P 3 by the ratio of half of its mean 
length to its eccentricity. 

The resulting force P 4 is transmitted by J' in the foot of the pitman to the rear 
end of forward toggle Lx, which serves as the hinge for the toggle pair LxL*. The 
outer ends of these toggles seat against the swing jaw and the rear wall Dr of the 
main frame, respectively, and they are held in place by the tension of spring K' 
transmitted through rod K from Dr to C. In effect, the toggles act like a curved 
wedge N (Fig. 2, insert) driven between Dr and the toggle seat C '. Since the force 
multiplication of such a wedge is an inverse function of the angle between the faces 
at the working point, it follows that as LxL^ approach adlinearity, which corresponds 
to a position of C/ as the working point of N, the force exerted by Lx approaches 
infinity. Hence, as is apparent from Fig. 1, the angularity of the toggles with J' 
in lowest position is such that with H in top position Lx and L 2 are still considerably 
off line. To guard further against application of an excessive force to Dr by L 2 , J' 
is a movable part that rests on a hardened-steel punch O which in turn rests on a 
mild-steel plate Q supported on a die formed into the foot structure of J. If, by 
reason of an unbreakable article in the crushing zone, C is prevented from moving 
forward when J rises, O punches a hole in Q and breaks the force chain. A more 
common means to the same end is to split the rear toggle at an acute angle to its 
length and to rivet the parts together to fail under excessive load, or, less satisfactorily, 
to make the rear toggle light enough to break under overload. 

The swing jaw, pivoted on shaft R, is a lever of the second class with a power arm 
C'R and a variable working arm 5 dependent on the size of particle T. It thus 
increases P 5 to a final P 7 , which is greater the larger the particle. 

Step-wise estimation of the magnitude of forces P 1 to P 9 , neglecting friction 
losses, is simple straightforward mechanics, once the essential dimensions are known. 

A check of the ratio P7/P x comes from the assumption of equal work at the pulley 
rim and the point of application of P7, thus 

Pj (1) 

Pi 2s 

where d is the diameter of pulley E and s is the travel of the swing jaw at the point 
of crushing. 

Because the swing jaw has only one working face, the jaw crusher 
works on rock in the crushing zone only half the time. Without com¬ 
pensation, the power draft would fluctuate correspondingly. Compen¬ 
sation is effected by making pulley E of flywheel type and weight and 
by mounting a counterbalancing flywheel on the other end of the drive 
shaft. These wheels stoic energy and thereby reduce acceleration during 
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the backward stroke of C, and by reducing deceleration on the forward 
stroke, feed stored energy back to the jaw. 

The horizontal distance lengthwise of the machine across crushing 
zone A (Fig. 1) is known as the gape of the crusher, and the horizontal 
area of the zone at this level is known as the receiving opening or 
mouth. The bottom discharge opening is the throat. The distance 
across the throat with the swing jaw in extreme forward position is the 
closed set, and its converse is the open set. Set is adjustable within 
the usual range of wear of jaw plates by changing the thickness of 
shims U ; large changes normally require a change of toggles. The 
throw of the crusher is the length of travel of the swing jaw at the 
throat; it can be sensibly changed only by a change in the eccentric- 
pitman assembly; the usual range is to 3 in. according to size of 
crusher and character of rock. 

Other forms of jaw crushers include the Dodge, in which the movable 
jaw is pivoted at the bottom; another in which the pitman is horizontal 
and pushes directly against the bottom of a top-suspended swing jaw 
without intervention of toggles; a single-toggle machine in which the 
swing jaw, slanting forward and down, is in the position of the pitman 
of Fig. 1, there is no front toggle, and the fixed jaw is moved back 
toward the drive shaft into suitable working position; also a machine 
with two movable jaws (Kue-ken). 


The foregoing description of the jaw crusher and force chain brings 
out that the structure is essentially a number of heavily loaded moving 
elements supported by and transferring their reactions to the main 
frame at various points. The different parts are differently loaded in 
compression, tension, transverse shear, surface rubbing and gouging, 

and various combinations of these. 

It is no part of a course in ore dressing to study the properties of 
metals or to learn accurately how those properties fit particular metals 
for particular duties. But every student engineer should realize that 
unless the metals in machines arc properly chosen with an eye to the 


services they are to render, the machines will either fail to stand up in 
service, owing to wear and breakage, or will be unduly expensive because 
of overlarge safety factors. The best machine, from the standpoint of 
economical design, is the one in which each part is just strong enough to 
withstand the greatest foreseeable load that can be brought upon it; 
in which special, readily replaceable parts are provided to fail without 
serious damage and thus relieve the balance from unforeseeable loads; 
and in which other parts, likewise easily replaceable, are provided to 



346 


PRIMARY CRUSHING 


[Chap. 20 


receive wear and/or corrosion owing to direct contact with ore, dust, or 
mud and by doing so protect the main machine. 

In the jaw crusher the maximum loads lie roughly in and parallel to the longitudinal 
vertical axial plane of the machine. This load comes by reason of the push of the 
swing jaw against the rock in the crushing zone. It is transmitted directly through 
the fixed jaw to the front-end casting V of the main frame (Fig. 1), and through the 
toggles and rear toggle seat to the rear end D R . The fixed-jaw plate W and the 
toggle block X distribute these loads. Hence the two ends of the main frame act 
as beams with distributed loads. Acting as beams, their outer faces, away from 
the loads, are in tension. They must, therefore, be made of a metal that will with¬ 
stand tensile stresses. On the other hand, because the loads are distributed, and 
because the cross-section of the beams must be made large for other considerations 
(full backing of the jaw plate and wedge block; weight to absorb vibration; height 
to match the side walls which, in turn, require the height for support of the mecha¬ 
nism; width to enclose the crushing zone and mechanism), the unit tensile stresses 
are not large, comparatively. Hence the metal used can be cast iron for small 
crushers; cast steel for large. These metals are preferred because they require the 
least poundage for the required strength and rigidity. Recent designs have used 
heavy steel plate with welded ribs for small crushers where large weight to withstand 
vibration is not necessary, and rib- or box-type steel castings as in Fig. 1 where the 
necessary weight is distributed through the balance of the machine. 

The sides of the main frame tie the ends together and support the pitman and 
swing-jaw shafts. The tie loads are primarily tension and can normally be dis¬ 
tributed. If additional longitudinal tensile strength is needed, it is furnished by 
through bolts, as Y in Fig. 1, or by shrinking steel bands around the frame as a whole. 
The loads imposed by the shaft bearings are compression and torsion and are neces¬ 
sarily concentrated. The shaft bearings must be kept in alignment; hence the side 
frame must be stiff and rigid. The sum total of these various demands is met by 
an iron casting or sheet with welded ribs for small crushers and by similar forms of 
steel for large. 

Overall stillness of the frame is obtained most completely by casting ends and 
sides as one integral box. If, however, the crusher is so big that an integral frame 
would be too large and too vulnerable to cooling strains, sides and ends are cast 
separately, fitted together at the corners with machined joints for stiffness, and tied 
into one by heavy bolts of forged steel, which has high unit tensile strength. These 
bolts arc put in place hot, and nuts are tightened on the hot bolts with power wrenches. 
Slirinkage of the bolts on cooling tightens the whole frame into a unit that rivals the 
integral frame for stiffness and exceeds it for strength. 

The fact that crushers sell on essentially a per-pound basis in a strongly com¬ 
petitive market explains the constant attempt to reduce weight. 

The swing jaw and the pitman must reverse their motions with each revolution, 
i.e., 100 to 300 times per minute, depending upon the size of the crusher. Power 
consumption dictates that they should be as light as is consistent with strength and 
stiffness. The swing jaw is loaded as a simple beam, supported at the ends, with 
a semidistributed but often eccentric load. It is usually made of cast steel, honey¬ 
comb-ribbed to a maximum depth at the longitudinal and transverse axes. The 
pitman is loaded wholly in tension. It requires, however, a large section at the top 
for the eccentric bearing, and a cast section at the bottom to provide scats for the 
toggles. In most crushers these are joined with a web, the whole being a steel 
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casting, but in some large machines the top and bottom castings are held together 
by forged-steel tension bolts. 

The toggles are in compression, for which cast iron is the cheapest available 
material and the one almost universally used. The toggle seats are under heavy 
pressure and are substantially impossible to lubricate satisfactorily. They are, 
therefore, frequently made of hard materials, readily replaceable. The usual choice 
is between cheap material (chilled-cast iron) and relatively frequent replacement, or 
expensive alloy steel and less frequent replacement. 

Liners for the crushing zone (jaw plates and cheek plates) are made of chilled-cast 
iron for relatively light service, and of manganese steel for heavy duty. Manganese 
steel has the peculiar and useful characteristics of being tough throughout, and thus 
resistant to cracking, yet becoming almost glass-hard at the surface when subjected 
to cold working by pressure and abrasion. Thus a hard-steel saw makes an easy 
initial cut on a piece of manganese steel, but fails to bite on the second or third stroke. 
These properties make this metal almost ideal for lining crushing zones, since the 
hardened surface forms progressively as wear continues. 

The catalogues of crusher manufacturers contain relatively detailed 
statements of the metals used in their machines. They are, in many 
respects, excellent supplements to a textbook for students. The 
engineer must acquaint himself with the properties of the metals pertinent 
to their duties in machine service, if he wishes to buy on any more 
intelligent basis than he buys his automobile or radio. 


Sizes of jaw crushers are given by naming the gape and the length of 
the receiving opening in inches as a product. Commercial sizes range 
from 7X10 to GO X 84; the corresponding weight range is from about 
0,000 lb. to more than 100 times that figure. The largest crusher can 
take the smallest in its mouth—but cannot chew it. The minimum 
dosed setting is ordinarily one-sixth to one-eighth of the gape, but few 
crushers are operated at economic capacities at these settings because 
of limitations in both strength and nip angle. 

The nip angle in a reciprocatory crusher is defined as the angle between 
the convergent faces at the points that they pinch a given piece of rock. 
If the faces have straight elements, the nip angle is the same at all depths 
in the crushing zone; with curved faces, the angle increases upward 
from the throat. 

The relation between nip and fare angles is shown in Fig. 3. In item A let F and 
A/ represent, respectively, the fixed and movable crushing faces. Let I‘ represent 
the normal component of the load applied by M to a hypothetical spherical lump of 
roek A, and let K be the normal component of the reaction of F to the load trans¬ 
mitted by A. Neglect gravity and assume that the magnitudes of the frictional 
components of the total forces exerted at B and E are VV and T /t respectively. Taking 
vertical and horizontal axes through center <) of the sphere. 


2// = 0: /<* - 7/> sin n - P cos n 


0 


( 2 ) 
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SU = 0: Tr + Tp cos n — P sin n = 0 
2M = 0: T r r — T n r = 0 
around O. Then from (4) 

T P = Tr 

whence, since Tp = fxP and Tr = pR, where m is the coefficient of friction, 

P = R 



(3) 

(4) 

(5) 

( 6 ) 


From (3), by rearrangement and substitution, 

Tr = P sin n — tiP cos n 
and by similar treatment of (2), 

R = nP sin n + P cos n 

But Tr/R = n, whence, dividing (7) by (8) and canceling. 


M = 


from which 


sin n — p cos n 
t± sin n + cos n 

—2m 


tan n = 


2 - 1 


(7) 


( 8 ) 


(9) 


Experimental values of m for rock on steel average about 0.3, whence from (9) 
n = 33°24 / . 
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The frictional resistance to motion comprises the two forces T R and T P , in the 
planes of the faces, each equal and opposite to the right projection on a face of 
'AT. The resultant of P and T P is R P , r and that of R and T R is R r , t . These two 
resultants are equal and collinear, but in opposite sense, since, by the postulate, 
motion does not occur. Under the postulate CB is perpendicular to M and JE to F. 
Extended they meet at the center of the sphere. The line of action of T must pass 
through this intersection and, by the geometry of determination of the resultant 
of P and R, must lie on the bisector I of angle «,* the nip angle. JC is, therefore, 
perpendicular to I. Hence angle BCD = angle EJH = n/2. But just before 
sliding occurs, which is the case when T R + T P just balances T, T P /P = T r /R = ^. 
Hence angle BCD = angle EJH = <p = tan -1 n, and angle n = 2 4 > just before slip 
occurs, i.e., the maximum allowable nip angle equals twice the angle of friction. 

In item B angle BCD is less than angle n/2, i.e., n > 2<*>, and the resultants R P%r 
and R r , t meet at an angle which shows a small resultant in the direction of T. In 



other words, T R and T p , derived from the coefficient of friction, are less than the 
projections of T/2 on the crushing faces F and M, respectively. Hence movement 
out of the jaws will occur, i.e., there will not be nip. 

In item C, on the contrary, <#> > n/2, or n < 2<f>, and the resultants R P T and 
Ru.t are collinear, as in item A. Hence A will be nipped. But. there is an excess of 
available friction, indicated by the dotted extensions of T P and T R , before n/2 = <t>. 

The relationship between nip angle, gape, set, and depth of crushing zone should 
be understood. In item A of Fig. 3 G is gape, s the set., and l, the depth of the 
crushing zone. Draw LK parallel to /•'. Them angle LKN = n, whence 1 } /(G — .•*) 
= tan (90 — n) = ctn n. From this it follows that, for a given gape and friction 
between rock and steel, l, must be made greater the; smaller the set, or, conversely, 
with a given crusher, reduction of set increases the danger of failure to nip. The 
n, P angles built into coarse crushers with rcciproeatory action rarely exceed 24° and 
for unusually slippery feeds are reduced to about 18°. In other words, experience has 

* Angles OEV and OBV are right angles; OU = P = R = OIF = IFF = YU 
whence angle EOY = BOY and angle EVO = OVB. ’ 
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taught that, for the wet and often icy feeds with which primary crushers must deal, 
the condition shown in item C, Fig. 3, is necessary for certain nip. 

The reduction ratio in a crushing operation is the ratio of some chosen 
dimension of the feed particles to a corresponding dimension of the 
product particles. Since, in a jaw crusher, the thickness of a particle 
determines both its reception and its discharge, the reduction ratio 
usually given is that of the thickness of the largest feed particle to the 



thickness of the largest particle in the product. This is called the 
limiting reduction ratio. The largest limiting reduction ratio of which 
the crusher is capable is about 0.85G/SO, where G is the gape and s c the 
open setting. The constant takes care of an operating desideratum that 
an equiaxed particle seat for the first nip at a distance below the top of 
the crushing zone at least equal to its radius. Limiting reduction ratios 
in primary-crusher operation rarely exceed 4; they average nearer 3. 

The capacity of a jaw crusher in average service on average rocks can 
be estimated roughly by the empirical formula 

T = 0 M r s 0 (10) 

where T = tons per hour, l r = length of receiving opening, and s a = the 
open setting, both in inches. This is to say that capacity is proportional 
to the area of the throat, which is reasonable since it is limited by the 
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flow rate of broken material through this opening under gravitational 
impulse. But with many if not most rocks capacity varies also with 
reduction ratio. It also varies according to the nature of the rock, to 
the moisture content of the feed, and to the manner of feeding. These 
facts are related generally by an equation of the form 


In — k c k rn k/T a R 


80 


(ID 


in which the units of T R are reduction tons, defined generally as the 
product TR ; T a is tons crushed per hour for the condition in which each 
of the ^-quantities is unity; R g() is the ratio of the 80% size (see below) 
in the feed to the corresponding size in the product, and the ^-quantities 
are variables of which only particular empirical values are known. 
Values and sources of all the quantities are discussed in the following 
paragraphs. 

The capacities which crusher manufacturers ascribe to their crushers 
in their catalogues are adjusted estimates interpolated by various means 
between actual and adjusted actual performances of their own and other 


manufacturers’ crushers. The stated or implied assumption is always 
that the rock crushed is a nonslabby, nonsiliceous, firm, compact 
limestone, free from moist fines, and that the crusher is fed to capacity 
at the maximum particle size that is readily nipped. These figures are 
the T a values for Eq. 11. They are safe because the manufacturers 
have, for good business reasons, applied a factor of safety before publica¬ 
tion. The corresponding /.--values are 1.0. Comparative values of 
k c for common rocks are: dolomite, 1.0; gneiss and syenite, 0.95; 
andesite, slate, and granite, 0.90; chert, quartzite, rhyolite, and diorite, 
0.80; basalt, 0.75; unaltered diabase, 0.05. 

Moisture affects capacity by causing fines to pack and stick in the 
crushing zone. There is normally insufficient moisture in primary- 
crusher feeds to affect operation = 1.0), but in secondary crushers 
of the gyratory type (Chap. 21) k m will fall to 0.1 or less if there is 
sufficient moisture for the fines to form into a coherent mass when 
squeezed in the hand, and unless considerable dust forms in such 
crushing, values of 0.75 to 0.85 must be expected. 

1 he value of kj for good operation with a feeder controlled by an 
attendant (the usual case with a primary crusher) will be 0.75 to 0.85. 
If the attendant must remove considerable waste or do any jockeying 
of oversize, the factor may readily fall to 0.5 or less. 

Size-distribution curves for the product of a jaw crusher are shown 
in Iig. 4. These are significant in a variety of ways. The degree of 
upward concavity is a graphical indication of the relative percentage of 
fines. Direct reading shows the marked discrepancy between the open 
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setting (which determines maximum particle thickness) and the size 
of the largest particle as determined by a square-mesh testing sieve 
(which measures particle width, i.e., intermediate dimension). The 



Aperture square-mesh screen, 

% of open setting 

Fig. 4. Size distribution in jaw-crusher product. 

significant figures are the percentages passing a square-mesh screen of 
aperture equal to the crusher open setting (75% on average) and the 
percentage passing half-set (about 50%). 

By rescaling the abscissae of the various curves to 100% of limiting- 
screen aperture at the intercept on the aperture scale, and the ordinates 
to tons per unit of time, the tons of any particular size range can be read 
directly. With the present ordinates and the suggested rescaling of 
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abscissae one can read from the lowest curve that 80% of that product 
would pass a screen with an aperture of only about 50% of the limiting 
screen. In other words that product, if rated as to coarseness on the 
basis of its limiting screen, would be so rated because of only 20% of its 
total weight. Actually the crusher producing it should be credited with 
a finer product. The coarse end is of accidental nature—material that 
slipped through the slot-shaped discharge opening when not enough 
other material was passing to crowd it and cause it to be nipped and 
broken. The 80% reduction ratio, Rso of Eq. 11, was devised to 
eliminate this undue size weighting. The 80% size of a product is the 
theoretical aperture, read from a size-distribution curve, that will pass 
80% of the product. 

Sizing tests on primary-crusher feeds are rarely made. The only 
size data available on them are the dimensions of some opening through 
which they have been passed in normal mining operations to avert 
sledging at the crusher. If they have been passed through a steam- 
shovel dipper, its transverse dimensions define maximum particle 
width; if they have passed a grizzly, maximum thickness is defined. 
In determining reduction ratios the same particle dimension must be 
used in measuring both feed and product. Approximate conversion 
of one dimension to another for average rock is possible from the 
shape-ratio equation 


Thickness : width : length = 1 : 1.7 : 3.3 (12) 

Crushing efficiency is not measurable as a dimensionless ratio by the 
use of any measures of crusher performance that satisfy engineering 
judgment. The power draft of the prime mover can be measured, as 
can also the friction loss in an unloaded crusher, but an assumption 
that friction loss has the same magnitude when the crusher is loaded and 
bearing pressures are greatly increased is unjustifiable. Hence the 
work done on the rock is not directly measurable. 

Rittinger postulated that the work done in breaking a solid is propor¬ 
tional to the area of the break and the compressive strength of the rock. 
Gross and Zimmerley used a falling weight for crushing, seeking thus to 
reduce friction to a point that would permit them to equate the loss of 
potential energy of the weight in falling to useful work done. They 
estimated new surface produced by assuming it proportional to the 
weight leached by a solvent when extrapolated to zero time. Corre¬ 
sponding results by these methods gave a straight line between “new 
surface” and potential-energy loss. This work has, ever since its 

pu >h cat ion, been widely but not universally accepted as confirmatory 
of the Rittingcr postulate. 
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Piret et al. used the Gross and Zimmerley drop-weight device for 
crushing charges of closely sized fractions of various pure minerals. 
The feed-fraction sizes ranged randomly from 3 ~ 4-mesh to 35 ~ 48- 
mesh and charge weights from 15 to 80 gm. Parallel tests were also 
made by squeezing. Surface areas of feed and products were deter¬ 
mined by air percolation and by gas adsorption, the latter method in¬ 
dicating substantially 1.9 times the surface area indicated by the 
former on the same material. The work required to crush halite was 
of the general order of 0.10 kg-cm. per sq. cm. of new surface produced 
(based on air percolation), whereas the theoretical energy of this new 
surface, based on thermodynamic calculation by a number of investiga¬ 
tors,* is 1 X 10“ 4 kg-cm. per sq. cm., or the work expended was 1,000 
times the new surface energy—an indicated crushing efficiency of 0.1%. 
This new work indicated that in impact crushing the new surface pro¬ 
duced is not directly proportional to the energy input, but rather that 
new surface per input-energy unit falls with increasing energy consump¬ 
tion, at least in the region of relatively low energy inputs. In crushing 
by squeezing, however, Piret et al. report a rectilinear relationship in 
both high and low ranges of energy consumption. 

Bond, commenting on the Piret work, points out that the reported 
results on the ten substances tested [halite, calcite, sphalerite, fluorite, 
apatite, glass, labradorite, quartz (milky and crystalline) and topaz] 
indicate a rectilinear relationship 

E = 21.5// + 23 (13) 

where E is energy input in joules per square meter of new surface 
produced, and II is the Moh’s hardness of the substances. Bond 
also points out that the surface areas which he determined by extra¬ 
polation of screen-sizing tests to 0.7 -p by the Gaudin distribution equa¬ 
tion (Chap. 3) are about twice the Piret areas by air percolation, i.e., 
check the gas-adsorption determinations. 

It is readily shown that, if a given weight of solid particles of regular 
geometrical form, equal size, and a characteristic linear dimension in 
terms of which particle volume and surface can be expressed, is considered 
reduced into an integral number of smaller particles, also of equal size 
and of the same geometric form as the original, then 

Sidi = S 2 d 2 = Const. (14) 

From this it follows that unit weight of such particles of a given size 

* M. Born and O. Stern, 1919 Sitzber. preuss. Akad. IFi’ss. 901; J. E. Leunard- 
Jones and P. A. Taylor, A109 Proc. Roy. Soc. 476; B. M. Dent, 8 ( 7 ) Phil. Mag. 
630; J. Bieinuller, 38 ZP 759. 
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has a characteristic total surface which is inversely proportional to the 
diameter, and that the reciprocal of the diameter may, therefore, be 
taken as a relative measure of the surface. 

Many operators go on from this demonstrable fact to a conclusion 
that the relative surface areas per unit weight of testing-sieve fractions 
are proportional to the reciprocals of the apertures of the retaining 
sieves. They define these reciprocals—the sieve aperture being ex¬ 
pressed in inches or centimeters—as surface units for the particular 
sieve. They then calculate the surface units per fraction as its percent¬ 
age weight times the surface units for the retaining sieve, and the total 
suiface units of the sample as the sum of these partial products. The 
difference between such calculated surface units for feed and product 
of a breaking operation, divided by 100, is the new surface per unit 
weight. This figure multiplied by tons per horsepower-hour is called 
surface tons per horsepower-hour and is used as an efficiency. 

I he method would be a plausible approximation to the Rittinger 
postulate if there were any way to assign an “average diameter” to the 
material passing the finest testing sieve. But there is not, and experi¬ 
ment indicates that it is not the same for different rocks. Hence, 
although it is possible to assign an arbitrary surface-unit value to this 
final undersize, it must be used with the clear understanding that it is 
a pure guess and is not a constant. 

A more fundamental, although unproved, objection to the now-surface 
method of estimating useful work is that results are not consistent with 
established physical fact if, as is certainly t rue with some rocks, fracture 
comes just beyond the elastic limit, because below the elastic limit 

Fj.c. « A 

and 

« l 

where F tLc , is the force required for a given deformation in the direction 
of the line of action of F, A is the area of the stressed particle perpen¬ 
dicular to the line of action of F, d F c . is the deformation with a given F, 

and l is the dimension of the particle in the line of action of F. Then 
since 

W = Fd 
W oc A l oc V 

where V is the volume of the particle and W is the work required to 
deform it to the elastic limit. The shape of the stress-deformation 
curve to fracture for an elast ic substance is given in Fig. 5. Since work 
is the area under the curve, it follows that, the work done in breaking an 
elastic rock is proportional to the volume of the particle. 
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Another method for calculating useful work, based on the use of 
volume units, was devised by Stadler. It has not been adopted and 
since it also involves use of an arbitrary value for the “average diameter” 
of the finest sieve undersize, it is similarly useless as a measure of actual 
efficiency. 

Subsequently to the work of Gross and Zimmerley a number of 
methods of determining the relative surface of powders and one for 

direct measurement have been devised. The 
B-E-T (Brunauer, Emmett, and Teller) 
method for direct measurement depends upon 
measurement of the amount of a given gas 
adsorbed by a given weight of the powder, 
an assumption of the thickness of the layer 
in terms of molecules of the gas, a further 
assumption that the adsorption is confined to 
the external surface of the particles, and a 
yet further assumption that the area covered 
by a single molecule is equal to the % power 
of the estimated volume of a single gas mole¬ 
cule. On this basis, the number of molecules adsorbed being available 
from experiment, surface area of the sample is calculated.* 

The principal apparatus used commercially for relative-surface 
estimation arc the turbidimeter, almost universally adopted in the 
cement industry, and the percolator. The former depends upon 
measurement of the amount of light transmitted through a column of a 
liquid suspension of the powder, made up and examined under rigid 
specifications. The percolator method is based upon the assumption 
that the resistance to flow of a liquid or gas through a mass of the 
powder is proportional to the surface area of the powder. For details 
of these and other proposed methods of surface estimation see Advances 
in Colloid Science, edited by E. O. Kracmer (Interscience Publishers, 
Inc., 1942, p. 35 and the bibliography appended). 

An efficiency unit that fulfills the requirements of practicality and 
relativity by eliminating differences in undersize content of feeds and 
the necessity for evaluating the size of < 200-mesh material is available 
in the statement 

E = TVso/hp-hr. (15) 

It is applicable to crushing operations down to product sizes where a 

* For details of the apparatus and of the large amount of experimental work that 
has been done to verify the various assumptions the original paper cited in the 
bibliography and the Chemical and Physical Abstracts for subsequent years should 

be consulted. 



Fig. 5. Stress-deformation 
curve for an elastic solid. 
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Fig. 6. Gyratory crusher. 


significant percentage of < 200-mesh material is produced in the opera- 
'<>n Jhis corresponds in general to about 3-rnesh limiting size of 
product For finer produets it is probable that such a considerable 
par of the energy input is consumed in producing the finer fractions 
iat tnese must be considered in evaluating the useful work. 


The gyratory crusher (Fig. 0 ) is essentiall 
symmetrically around a vertical axis throng 
principal disadvantage of this transformation is 


a jaw crusher wound 
the swing jaw. T» ie 
the enforced loss of the 
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toggle joint in the chain of force multiplication. The advantages are: 
(a) a large increase in area of receiving and discharge openings, with 
concomitant increase in capacity; (6) marked reduction in machine 
weight per unit of capacity, brought about by the symmetry of the 
machine; (c) a corresponding reduction in energy consumption; and 
(d) elimination of intermittency in the crushing. 

The crusher consists of an annular wedge-shaped crushing zone A, 
a force-multiplying chain comprising three levers and a wedge, and a 



Relative discharge area of 1-48 u 
Gyratory and 2-48" x GO"jaw crushed 



Fio. 7. Feed and discharge 
openings of jaw and gyratory 
crushers. 


main frame to supply fulcrum and wedge 
resistances and to back up against the crush¬ 
ing forces. The force-multiplying chain 
comprises, in order, pulley B, shaft C, and 
bevel pinion D, constituting a continuous 
lever; bevel gear E and eccentric sleeve F, 
constituting a second lever and a continuous 
wedge activated thereby; and spindle G, 
driven by F, suspended at fulcrum H, and 
working, through head /, on rock in zone A 
which is backed against concaves </, which 
are, in turn, backed against the main frame. 
The additional lever largely compensates in 
average force multiplication for the loss of 
the toggle joint, but it does not supply cor¬ 
responding ability to apply a substantially 
infinite force, which the toggle joint supplies 
in the jaw crusher. 

The name gyratory comes from the fact 
that while the axis of the spindle is revolv¬ 
ing around the axis of the frame, generating 
a conical surface, it, at the same time, rotates 
about its own axis, impelled by frictional 


drag. When the crushing zone is empty, rotation is in the same sense 
as revolution; during crushing it is in the opposite sense. The rotation 
is not, however, a positive movement, and plays no essential part in 


the crushing operation. 

The relative areas of receiving and discharge openings of standard 
gyratory and jaw crushers of the same gape are shown in 1*ig. 7. Since 
capacity is proportional to discharge area, provided sufficient force is 
available to break the rock, it follows that the capacity of a gyratory 
crusher, operating with the same gape and reduction ratio as a jaw 
crusher, should exceed that of a jaw crusher, expectably at least in 
proportion to the ratio of the areas shown in the figure. Furthermore, 
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examination of Fig. 6 shows that, with respect to any vertical plane 
containing the axis of the machine, the motion of the breaking head is 
reciprocation. But in the gyratory, as opposed to the jaw crusher, 
crushing occurs on both strokes of the reciprocation. Considering a 
series of such planes around the machine, this means that crushing is 
occurring from top to bottom along some portion of the zone at every 
instant. This produces a further increase in capacity. Operating 
data indicate that average capacities of gyratory crushers in mills are 
reasonably expressed by the empirical equation 


T = 0.75 s 0 (l - Gir) 


(16) 


where l is the length of the outer periphery of the receiving opening, 
and G is the gape, both in inches. Actually this equation is of the same 
form as Eq. 10, viz., T = kA, where .4 is the area of the discharge 
opening at open setting and k is an experimental constant. 

Power draft of the gyratory is relatively constant at constant feed 
rate, so that much of the vibratory shock on machine and foundations, 
characteristic of jaw-crusher operation, is absent. This is sometimes 


of considerable importance from the standpoint of plant design. 

The gyratory crusher differs structurally from the jaw crusher in the 
important respect that the crushing load and a part of the resistance 
thereto are both backed against a circular frame. This puts the metal 
of the frame into relatively evenly distributed hoop tension, which 
permits much lighter sections, relative to the load, than can be used in 
the jaw crusher. The spider (AT, Fig. G) is the only part of the machine 
that is poor structurally. The lack of reciprocating parts does away 
with the necessity for heavy flywheels and eliminates the momentary 
energy peaks incident upon reversal; this reduces the average power 
required for a given duty. 


The crushing zones in jaw and gyratory crushers take two essentially 
different forms according to whether their surface elements in vertical 
planes are straight or curved. Figure 8 shows a curved swing-jaw 
plate for a jaw crusher working against a straight plate on the fixed jaw. 
1 he cross-sections of the crushing zones are divided into a number of 
trapezoids of altitudes increasing gradually downward. These altitudes 
correspond to the vertical drops that a lump would make on recession 
of the swing jaw if, at each forward movement thereof, it were crushed 
to just the size that could exist between the jaws at the end of the pinch. 
Ihe trapezoidal areas (and corresponding crushing-zone volumes) 
with straight plates decrease downward, so that, if a given volume were 
just filled with uncrushed rock at one level, the levels below would be- 
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come overfilled with the crushed product. In other words, the lower 
part of the zone has less flow capacity than the upper part. If the upper 
part is loaded to capacity—or anything approaching it—the lower part 
clogs. With the curved plate greater vertical fall is permitted, on 
recession of the jaw, near the bottom than near the top. Actually the 
minimum volume per pass occurs near the vertical center of the zone. 
The material here, being coarser than that below, has less tendency 
to pack. Consequently material can be passed through the entire zone 
more rapidly and the capacity is greater. Further, since less power is 


Straight Jaw Plate Curved Jaw Plate 



Fig. 8. Curved vs. straight breaking faces in jaw crushers. 

consumed in packing broken material with the curved plates, the machine 
can be speeded up without undue strain. This not only tends to further 
increase capacity, but also tends to insure that every piece will be struck 
at least once in falling through the lower part of the zone where the 
faces are nearly parallel. As a result, the thickness of the largest 
particle passing is substantially equal to the closed set, rather than to the 
open set as in the slower straight-plate machines. 

Gyratory size is specified by the gape in inches. Sizes of commercial 
crushers range from 5-in. to 72-in. Total length of receiving opening, 
measured along the outer rim, ranges from 8 to 10 times the gape for the 
smaller machines to 0>2 or 7times for the large machines. This 
compares to a usual length of about \Y> times gape for jaw crushers. 
Throw averages less than in jaw crushers. 

Capacity of a gyratory averages about 2^ times that of a jaw crusher 
of the same gape, crushing the same rock through the same range. 
Power consumption ranges from about 2.2 times that of the jaw for 
gapes up to 24 in. to about equal for the larger machines. Reduction 
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ratios arc about the same in the two machines. Reduction tonnages 
per horsepower-hour for the gyratory are about 1% times those of the 
jaw crusher. 

It does not follow from the above figures that the gyratory is always 
the more economical crusher. In fact the reverse is just as often true. 
The reason underlying this assertion is founded in the fact that the power 
consumption of crushers when idling is a large fraction of the full-load 
power draft; for a gyratory it averages 30%; for a jaw crusher, 45 to 
50%. This idling power must be charged to the crushing, and will, 
in most cases of coarse feeds and relatively low capacity, produce higher 
power costs for the gyratory than for the jaw crusher. 

A fairly general rule of choice is to select a jaw crusher whenever one 
with the necessary gape has the required capacity. If more than one 
jaw crusher will be required, the choice should always be a single 
gyratory, because each primary crusher requires an attendant. If 
headroom is at a premium, on the other hand, or if exceptional strength 
and ruggedness are required, a jaw crusher is the usual choice, even in 
the large crushers, and the necessary capacity is gained by taking a 
small reduction, even at the expense of an extra stage in the crushing 
plant. 

Size-distribution curves of gyratory product show about 80% finer 
than full-set aperture and 55% finer than half-set, on average. 


Other forms of gyratory crusher include one in which the eccentric 
is below the gear (long-shaft typo); one in which the drive pulley or the 
drive motor is mounted on the eccentric (gearless); and one in which 
the spindle is fixed and a long eccentric extends upward from the drive 
gear to the top of the crushing head (fixed-spindle type). 


Soft rocks require a different kind of application of force in order to 
break them from what is effective for hard rocks. They do not dis¬ 
integrate satisfactorily under compressive forces applied through short 
distances. Rather, they require tearing loads applied through rela¬ 
tively long distances, or shock loads applied at such a rate that a 
pseudo-brittleness is set up in the piece. Knobbed rolls apply the 
necessary tearing loads; hammer mills (see Chap. 21) are used for 
impact loading. 

Single-roll crusher (Fig. 0) consists of a knobbed roll A set. in such 
relation to a breaking plate Ii and hopper C as to form a downwardly 
converging curved wedge-shaped crushing zone D in which rock is 
broken by glancing sledge-like blows against lumps which resist move¬ 
ment under the blows by inertia, friction, and the direct resistance of the 
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breaking plate. The knobs E project 3 to 4 in. beyond the intervening 
wedge plates and are shaped so as to present a gouging edge to the rock. 
Their width ranges from a blunt point for coal to 6 or 8 in. for rock. 
The wedge plates may have intervening teeth or corrugations as in¬ 
dicated, or are smooth. Peripheral speed is about 375 f.p.m., i.e., 
about m.p.h. This seems slow at first blush. But if one realizes 
that it is the rate of a fast walk, and recalls the unpleasant effects of 
projecting one’s body at such a rate against another relatively stable 
body, his respect for the momenta involved will increase. 



Fia. 9. Single-roll crusher. 


Sizes of single-roll crushers are rated by stating diameter and length 
in inches, in that order. They range from 24 X 48 to GO X 84. Maxi¬ 
mum thickness of feed particle that can be handled by a given machine 
is about two-thirds the roll diameter. Capacity on a limestone, taking 
feed of maximum limiting size and crushing on a 4:1 reduction ratio 
is about 15 t.p.h. per sq. ft. of projected area of the roll. Reduction 
tons per horsepower-hour average about 15. Softer rocks not unduly 
tenacious crush at higher rates. 

Giant rolls consist of two parallel knobbed rolls running toward each 
other at the top. The rolls are usually 3- to G-ft. diam. and 4 or 5 ft. 
long. They are made to run at either slow speed (150 to 375 f.p.m. 
peripheral) or at high speed (3,000 to 3,500 f.p.m. peripheral). They 
can take shovel-size rock and crush to 8- or 10-in. limiting size. Their 
use is not sufficiently extensive to warrant giving performance figures. 

The latest development of the knobbed-rotor-type primary crusher 
(New Holland) is shown in Fig. 10. It consists of two heavy rotor cores 
A with four-wear replaceable ribs B within a cage of 5- to 8-in. steel 
rods, C, E } the assembly enclosed in a housing F with replaceable liner 
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plates G. Feed is introduced on reciprocating feeder D. The rotor 
tip-circles are 18- to 24-in. radius. Rotor speeds are 250 to 1,000 
r.p.m., corresponding to extreme tangential speeds of 50 to 200 f.p.s. 
Rotor lengths range from 20 to 48 in. Rated capacities with r.o.m. 
limestone feeds range from 50 to 300 t.p.h. to <3- or limiting 

size. Rated power consumption is about 1 hp-hr. per ton. Product 
size is dependent upon rotor speed and the setting of adjustable bars E. 



Fig. 10. New Holland crusher. 


Particle action is very roughly as indicated. Large pieces are chipped 
by edge blows, but these are applied at high speeds that have an em¬ 
brittling effect like that of the hammer mills discussed in Chap. 21. 
Action on smaller particles that enter the rib circle and on the particles 
that strike the breaker bars C, E is entirely that of the hammer mills. 


The split between the use of hard-rock and soft-rock crushers in 
primary breaking, i.e., between a jaw or gyratory crusher on the one 
hand and knobbed rolls on the other, comes at limestone in the scale of 
rock hardnesses. Igneous rocks generally, and sedimentary and meta- 
morphic rocks containing much silica, are normally broken in the 
reciprocating crushers; the softer limestones, shales, cement rocks, 
gypsum, clay, and the like are broken in the knobbed rolls, the form 
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commonly used in the United States being the single roll. The Holland 
crusher is reported, however, to be undergoing trial at hard-rock mines. 

Review questions 

1. Define: crushing; grinding; primary crusher; secondary crusher; fine 
crusher; gape; mouth; throat; set; throw; limiting reduction ratio; nip angle; 
long-shaft gyratory; fixed-spindle gyratory; gearless gyratory; shape ratio. 

2. \\ hat is the purpose of crushing and grinding in ore dressing? 

3. Give the general rules pertaining to application of and resistance to breaking 
loads. Explain each. 

4. What features characterize the primary crushers used for hard rock? 

t 5. What are the required structural features of a crusher frame? How do the 
materials of which it is made depend upon the size of the crusher? 

f 6. What considerations determine the structure of pitman and swing jaw? 

7. What makes manganese steel especially useful for wear resistance in the 
crushing zone? 

8. What is the normal size range of commercial jaw crushers? 

9. Calculate the fraction of the gape that represents the diameter of a spherical 
particle which, in a jaw crusher with 20° nip angle at open setting, would seat with 
its top level with the top of the fixed jaw. 

10. What is the usual magnitude of the limiting reduction ratio in a jaw crusher? 

11. What is the usual unit for comparison of crusher performances? 

12. Why is the useful work expended in commercial crushing not directly 
measurable? 

13. What is the Rittinger postulate as to the useful work done in crushing? 

14. Prove that the product of surface and diameter for a given weight of solid 
is constant when the weight is made up of an integral number of each (a) cubes; 
(It) spheres. 

15. What are the uncertainties involved in estimation of the surface of fragmental 
materials by the reciprocal-diameter method based on sieve testing? 

16. Sketch a force-multiplication chain analogous to Fig. 2 for the gyratory 
crusher. 

t 17. Take the average figures for relative capacities and power consumptions of 
jaw and gyratory crushers and the idling-power percentages given on page 361; 
assume a case in which an 18-in. jaw crusher has just the gape required to receive a 
given feed comfortably and crush a t.p.h. to a given limiting size, drawing b h.p. 
Calculate the power consumption of the smallest gyratory that can perform the 
same crushing service. Make a similar comparison for a case in which the limiting 
feed size is 30 in. and the required hourly tonnage can be handled by a 36-in. gyratory 
working 90% of the time, drawing c h.p. 
t 18. What structural advantages has the gyratory crusher over the jaw crusher? 

19. What are the advantages of curved liners in primary crushers? 

20. IIow are the sizes of gyratory crushers indicated? 

21. What is the usual basis of choice between a jaw and a gyratory crusher as a 
primary? 

22. What rock is ordinarily considered to mark the dividing line between soft and 
hard rocks? 

23. In what essential respects do primary crushers for soft rocks differ from those 
for hard rocks? 
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24. What factor determines the usual ratio of width to gape in a jaw crusher? 

25. What is the order of magnitude of the rate of application of the load in a jaw 
crusher? In a gyratory crusher? In a single-roll crusher? 

26. How is the throw changed in a gyratory crusher? 

27. From study of Fig. 6 state what provision is made for changing the open 
setting of the type of gyratory there pictured. 

28. What mechanical advantage has a long-shaft over a short-shaft gyratory? 
What advantage has the latter from the standpoint of required headroom for repairs? 

29. What form of jaw plates in a jaw crusher would load lumps of rock in such 
fashion as to require minimum force for breakage? 

30. To what extent does the limiting square-mesh size of the product of a jaw 
crusher exceed the open setting, on average? What is the cause of the excess? 

31. Show that just before sliding occurs in Fig. 3 the magnitude of reaction R is 
equal to that of force P. 

t 32. Test the statement on p. 349 that when n > 2<*>, as in Fig. 3, item B, there will 
not he nip. 

t 33. Test the assertion on p. 350 that with n < 2<*>, as in Fig. 3, item C, R P , T and 
Rn.T are collinear. 

t 34. Show that whenever Rh.t and Il P . T are collinear, nip must occur. 
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Run-of-mine ore rarely is finer than 8-in. limiting thickness, and this 
rises to 4 or 5 ft. from some open-pit mines and quarries. Limiting 
reduction ratios with the hard-rock primary crushers average around 
4:1 and rarely exceed 6:1, not because of any lack of desire on the part 
of operators to take larger size-reduction steps, but because of breakage, 
overheating, and clogging when greater reduction ratios are attempted 
without corresponding reduction in feed rates. Knobbed rolls (Chap. 
20) and hammer mills (see p. 375) have proved generally unsatisfactory 
for hard rocks, and smooth rolls (p. 369), on account of nip-angle limi¬ 
tations, would require to be so tremendous for large reduction ratios on 
primary feeds as to be impracticable. Since these apparatus comprise 
all the crusher types yet invented that are capable of receiving run-of- 
mine rock, it is apparent that when reduction is to limiting sizes smaller 
than one-quarter to one-sixth run-of-mine limiting, a second crushing 
stage is necessary. 

Confining discussion for the moment to hard rock, it will be seen that, 
with the coarse steam-shovel feeds from open pits and quarries, the feed 
sizes to the secondaries are about the same as the finer run-of-mine 
feeds, and that the primaries suitable for the latter should be suitable 
secondaries for the former. This is true as to reception ability but not 
as to capacity. The number of smaller gyratories capable of even 4:1 
reduction of the discharge of one large primary gyratory—say, a 60-in. 
set at 10-in. open setting and running at full rated capacity—would be 
11, and distributing the feed to them would cost more than the crushing 
itself. 

The limiting factor here is the discharge area. Before 20 years ago 
it was necessary to multiply secondary gyratories as indicated above. 
Then an inventor discovered a way to increase the discharge area of 
gyratory-type crushers by increasing both its length and width at open 
setting, and at the same time to increase reduction ratio by a smaller 
closed setting. The machine, known as the cone crusher, revolutionized 
crushing-plant design in the space of a few years. It, in various modifica¬ 
tions, is used as the second crusher in series in 72 out of 107 (67%) 
flowsheets selected as representative of practice in metallic and non- 
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metallic mills combined. It is the second crusher in 72% of all the 
metallic mills in the group and is almost universal in mills built since it 
appeared on the market. It is used as the tertiary crusher in about 30% 
of the mills studied. 

The typical cone-type gyratory (Fig. 1) has the annular crushing zone 
A formed between the conical gyrating breaking head B and the bowl C, 



Fig. 1. Standard-type Symons cone crusher. 


which is backed against the ring I), screwed into a second ring E which 
is held down by bolts F that act through heavy springs G against 
upper rim II of main frame /. Thus undue pressure is relieved by 
compression of the springs. The breaking head is actuated through 
a drive pulley keyed at ./ to shaft K, bevel pinion L, gear M keyed to 
eccentric N, spindle I*, and the spherical bottom of B which works 
in the spherical cup Q backed against the inner structure of the frame. 
Set is varied by screwing the bowl up or down by means of windlass It; 
this may be done while tin? machine is in operation. 

Thus the cone comprises the same elements as the primary gyratory: 
the downwardly converging annular crushing zone, the same sequence 
in the force-multiplying chain, and a main frame of circular transverse 
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section backing rock against the breaking head at the top and backing 
the eccentric wedge at the bottom. But in detail resemblance ceases. 
Crushing zone A flares outward downwardly, to a diameter of 7 ft. 
in the largest present-day machine. The corresponding gape is 14 in. 
The throat length is, therefore, 22 ft. which compares with about 5.5 ft. 
for a primary gyratory of corresponding gape. The throw of this large 
cone ranges from 3 to more than 43^ in. compared to about 1 in. for a 
14-in. primary gyratory in secondary service. Thus with, say, a l^-in. 
closed set for both machines, the width of the throat in open position 
\\ ould be 43^ to 6 in. in the cone and 23 ^ in. in the standard gyratory. 
Therefore the throat area per revolution available for discharge is 8 to 11 
sq. ft. in the cone against 1.1 sq. ft. in the standard machine. 

The breaking head moves in any given plane like the clapper of a bell 
hung from a suspension point located near the intersection of the axis 
of the spindle and upward extension in the plane of the line of the 
parallel section of the bowl. This point is just about level with the top 
of the bowl. Discharge occurs along any element of the breaking head 
principally when that part is in opening position and is, of course, 
maximum at and just after full opening. At this time, because of both 
greater arc length and greater throw toward the periphery, the cross- 
section of the discharge path increases from mouth to throat. 

'I olerance for the large throw is obtained by placing a sloping floor 
under the zone, as it were, in the form of the comparatively flatly sloped 
breaking head, and by increasing the speed (to about 250 gyrations 
per min. for the large cone against about 150 for the primary type). 

1 he floor prevents particles from falling vertically through the throat; 
none can discharge without being led through that part of the zone 
just above the throat where, for nearly one-quarter of the sloping length 
of the head, the linear elements of head and bowl are parallel. The 
speed of drop of the head in this region is slightly greater than the 
free-falling velocity of a particle so that during recession of the head the 
particle does not move toward the throat. On the rise of the head the 
particle may either bounce or slide a short way, but in either case it is 
unlikely to move further parallel to the head than the length of throw. 
Since the length of the parallel zone is, in general, two to three times the 
throw, it follows that no particle with thickness greater than that of the 
closed set should get through the parallel zone without being pinched. 
Actually some do. 

Thus the cone-type gyratory solves the secondary-crusher problem by 
maintaining, through a downwardly converging crushing zone, a dis¬ 
charge path that increases in cross-section downwardly, so the swell 
in struck volume that accompanies size reduction is accommodated. 
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It supplies increasing area of crushing surface from mouth to throat to 
accommodate the increasing number of particles to be crushed that 
result from size reduction. Finally, by insuring a pinch to closed-set 
thickness on substantially every particle requiring crushing, it makes 
limiting-particle thickness equal to closed set and so makes possible a 
single-pass reduction ratio much larger than anything that can be 
attained in a gyratory of primary type. Three of the 7-ft. machines 
would easily do the same work following the OO-in. primary gyratory 
as the 11 primary-type gyratories discussed on page 368. 

Other forms embodying the same general principle differ in the degree 
and direction of curvature of both of the crushing faces and in the overall 
slopes of their surface elements; in the mechanical means employed to 
provide the fulcrum for the spindle-head lever (one form omits this 
lever entirely); in the method of providing for relief of overload; and 
in various accessory features. 

The secondary gyratories are rated as to size by stating the diameter 
of the bottom of the breaking head in inches or feet. Available sizes 
range from 15-in. to 7-ft. Rated capacities range up to 150 t.p.h. 
with 34-in. closed set to 000 t.p.h. with 234-in. closed set. Efficiencies 
of 5 to 10 reduction tons per hp-hr. can probably be counted on for 
average working conditions; 2 or 3 times these figures are often reported 
for favorable conditions. Square-mesh limiting size will usually be 
2 to 3 times the closed set. The percentage coarser than closed set will 
normally range from 25 to 55, and that finer than half-set from 15 to 45, 
with more coarse and less fines the smaller the set. Common operating 
limiting reduction ratios are in the range of 3 to 5. 


Just as the cone-type crusher is pre-eminent in the secondary-crushing 
field for products of ^-in. or coarser limiting size, spring rolls are 
outstanding in dry production of sizes from 34-in. to 10-mesh limiting. 
I'or the same work wet, the rod mill (Chap. 22) is a strong competitor. 

A typical roll crusher is shown in Fig. 2. Its essential working parts 
are the two rolls A. These, turning toward each other at the top, form 
a \ -shaped crushing zone into which lumps are drawn by friction against 
the roll faces, to be broken by the compressive impulse that the faces 
exert. The rolls are mounted on shafts II and C, carried on a heavy 
frame D. Shaft B runs in fixed bearings E, the other in slidable bearings 
I', which are backed through tension rods N against heavy springs G. 
the set is fixed by shims //, which are placed between the fixed and 
movable bearings. The rolls are driven by heavy flywheel pulleys 
/ and ./. With smaller rolls pulley /, on the fixed roll, is made large 
enough to draw all the power necessary for operation; roll C is then 
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driven by a smaller pulley designed largely to keep it up to the speed of 
the other roll; both are normally driven from the same countershaft, 
the belt to the small pulley being crossed. Large heavy rolls are fitted 
with power pulleys on both shafts, each driven by an individual motor, 




Fig. 2. Spring-type crushing rolls. 

neither motor capable alone of driving the machine under full load. 
Crushing wear is taken by circular bands (shells) K of chrome or 
manganese steel or the like, which are securely fastened to cast-iron 
or cast-steel cores L that, in turn, are keyed and shrunk to the roll 
shafts. Normal practice is to form the inside of the shell to a double 
cone which slides over L, conformed to fit it, while the heavy split 
ring L' is not in place. Jj is then inserted and drawn as tight as possible 
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with a plurality of bolts M, whereupon K is heated evenly to expand 
it and L r is drawn tightly into place. 

In Fig. 3, item A represents a section, perpendicular to the roll shafts, 
showing roll surfaces and the surface of a spherical or cylindrical particle 
presented for crushing with the rolls revolving in the directions of the 
arrows. Under such circumstances the particle would be acted upon 
at the points in contact with the rolls by a pair of symmetrical forces F. 
These may be best analyzed in terms of the components N and T 



respectively normal and tangent to the particle surface. The question 
of immediate interest is what geometrical relationships determine 
whether the particle will be nipped, i.e., engaged by the roll surfaces 
in such a way as to permit exertion of a crushing force. 

The ratio T/N is the tangent of the angle of friction. Until the value 
of this tangent passes some value that is specific for any pair of substances 
and the state of the contacting interface, relative motion will not occur, 
i.e., the surfaces will engage. In the instant case, if engagement occurs, 
the symmetrical force components T acting on the two sides of the 
particle will push it down into the converging space between the faces, 
where, if the roll surfaces do not yield, components A' will force the 
particle to be deformed or broken. 

Inspection of item A shows that in order for the contact points to move into the 
vee, there must be a component of force /•' at those points directed downward with 
respect to the figure. Whether this is so is determinate by resolving T and N into 
vertical and horizontal components, denoted respectively by subscripts V and // 

If I v > X y , downward motion will occur and conversely. The critical point is 
whfcn the two are equal. 
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In item B construction starts by laying off OA = T v = OB = N v from 0 on 
the arc representing the roll face and drawing tangent and normal at O. Then by 
horizontal projection of 7V and Nv on tangent and normal, respectively, T and N 
are determined for this condition and from them, by composition, EO = F. Line 
CD then defines the friction angle y. Extend DB to intersect the tangent at G. 
Then OAC and OBG are equal triangles, since Tv = N v , wherefrom OC = OG, 
and y — a. Let angle CEO = 0. Then angle EOD = 0. But angle KOD = y, 
since KO = KD, whence 0 = y = a and EO is parallel to DB and therefore per¬ 
pendicular to AB and horizontal, whence, for the limiting condition Tv = N v , 
F is horizontal. 

Extend DO to the right as indicated and draw the small circle to represent the 
cross-section of a circular or spherical particle with radius HO. Drop a vertical 
through //. From the intersection J of this vertical with the tangent CG draw JL 
tangent to the small circle. L is the point of contact of the particle with the other 
roll, is on the line of EO extended, and is on the line of action of the equal and opposite 
force F exerted on the particle by the other roll. Angle OJL is defined as the angle 
of nip of the rolls and is equal to 2-y = 2a = n. 

Draw the line of roll centers AIP horizontally from M. Angle OMP = a = n/2. 
Q, S, and R are the intersections, respectively, with the roll surfaces and the vertical 
through H. QS is the set of the rolls s, and QR = RS = s/2. Then 


n 

cos — 
2 


® + £ 
2 2 

2 2 


D + s 
D + d 



where D and d are the diameters of roll and particle, respectively. 


Nip angles in roll practice average about one-third of the maximum 
of 33°24 / , derived from the friction coefficient of rock on steel (m = 0.3). 
The reason is not fear of failure to nip, but rather that most rolls follow 
other secondary crushers, thus getting relatively fine feed, while at the 
same time large roll diameters are used for high capacity. Actually the 
theoretical maximum nip angle can be exceeded, particularly with low 
roll speeds, because the roll shells are normally rough enough to increase 
friction effects, and because fine material in the feed “sands the track” 
as it were, filling into the vccs between large particles and the roll 
surfaces and acting to produce secondary smaller effective nip angles. 
Despite this fact, angles in practice rarely exceed 25°. 

Size of rolls is designated by the dimensions of the crushing cylinders, 
in inches, stated diameter first. Sizes of commercial machines range 
from 18 X 10 in. to 90 X 24 in. Speed ranges from about 500 to 
3,000 f.p.m. peripheral; the usual range is from 1,000 f.p.m. or somewhat 
less for small rolls (3G-in. diam. or less) to about 2,500 f.p.m. for large 
machines. Spring breakage tends to increase, if these speeds are much 
exceeded. 

It follows from consideration of the nip angle that the maximum 
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reduction ratio possible in a set of rolls taking a given size of feed is 
dependent upon the allowable nip angle and the diameter of the rolls. 
Taking 25° as a conservative allowable angle, 

D =c= 40 (A — s) (2) 

where h = thickness of the largest particle in the feed and s = set, 
whence 

„ h D 

i - 25 ° “ s = 40^ + 1 (3) 


Limiting reduction ratios in practice range from about 2 when crushing 
is being done in a way to minimize production of slimes to 15 or 20 
in large heavy-duty fine secondary crushing preparatory to grinding. 

Free and choke crushing are names used in mill parlance to contrast 
practices in the operation of spring-roll crushers (Fig. 2). In free 
crushing spring pressures are high, and the rolls are fed at such a rate 
that there is continuous nip, so that the vee is lightly loaded and at the 
very bottom only, at all times. In choke crushing, on the other hand, 
spring pressures arc relatively low, and the feed rate is such that crushed 
material cannot discharge through the closed set of the rolls as fast as 
feed enters. As a result the vee fills up until a pinch on the mass as a 
whole occurs, whereupon the springs give somewhat, opening the set, 
and a mass of material goes through at once, the particles grinding 
and rubbing upon each other throughout during the passage. In other 
words, in free crushing, particles are crushed individually between the 
roll faces; in choke crushing, there is much interparticle abrasion. 


It is not clear how crushing is effected in rolls. If the roll fiices are smooth to 
the extent that the surface inequalities are of negligible height relative to particle 
diameter, it would seem that the breaking force is similar to the force exerted on the 
faces of a working wedge. The rate of application of this force is of the order of 
1 to 3 f.p.s. with normal roll speeds and diameters. But if the face inequalities are 
of the nature of bumps and transverse ridges of a height that is, say, one-tenth 
particle diameter, these projections must be considered to strike blows against parti¬ 
cles riding the vee. The velocities of these blows would be 10 to 50 f.p.s. They 
would produce shearing stresses greater the more completely the particle was backed; 
maximum for an individual particle seated in the vee when struck; less in choke 
crushing; a minimum if the particle were falling freely anil only prevented from 
spinning by its own inertia. Observation by eye and ear gives an impression of much 
more sudden breakage of individual particles in rolls then is indicated by the com¬ 
fortable crunch of a jaw or gyratory crusher, in which the velocity of approach to a 
pinch is of the same order as in rolls; choke crushing is much quieter. It is probable 
that, as in so many technical operations, causes are mixed. 


Capacities to 
empirical factor 


be expected from rolls are estimated by applying an 
<t> to a quantity called the theoretical ribbon T r . This 
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is the weight of the volume of rock that would pass through the throat 
of the rolls per unit time if it went through as a continuous ribbon 
without voids. The width of such a ribbon is the width w of the roll 
faces, its thickness is the set, and its length l is the peripheral travel of 
the roll face in the time unit. Then V per unit of time is Iws. Taking 
the time unit as 1 hr., I = 60-n-DN, where N = r.p.m. The weight 

per cubic foot of the ribbon in tons 
is 62.45 V/2, 000, whence 

Tt = 5.9NDws8 



O = Open circuit, free-crushing. 

CF = Closed circuit, free-crushing. 

CC = Closed circuit, choke-crushing. 

S = Closing-screen under-size, closed-circuit 
choke-crushing. 

L = Ideal product curve. 

Fig. 4. Characteristic sizing curves 

of roll product. 


(4) 

where 5 is the specific gravity of 
the rock and dimensions are taken 
in feet. Then 

T = <t>Tr (5) 

Values of are small for coarse free 
crushing and high for choke crush¬ 
ing. Values calculated from some 
50 cases in practice range from 0.01 
to 4.7. A very rough approxima¬ 
tion for any given case is derivable 
from the equation 

</> = ——— ( 6 ) 

V ttNDws v ' 


Size distribution in roll product for 
single-pass free crushing (O, Fig. 4) 
approximates a straight line L. When the product of free crushing is 
sent to a screen and the oversize returned to the rolls with new feed, 
the distribution curve CF is concave in the coarse portion owing to the 
very small percentage of particles near screen aperture in size that pass 
to undersize; just enough passes, however, to give a false limiting 
size. Choke crushing CC gives a relatively high percentage of fines 
owing to the abrasive action; hence the distribution curve is relatively 
concave. 

Efficiency of spring rolls free-crushing ranges from 0.5 to 1.2 reduction 
tons per horsepower-hour for small rolls and averages about 2.2 for 
large rolls; in choke crushing the average is 6 to 7, running up to 10 or 12 
in extra-heavy-duty practice. 


Toothed rolls (Fig. 5) are the usual machines employed in crushing 
coal. Drive is by a single pulley, mounted either as shown or on a 
geared countershaft. The other roll is driven from the opposite end of 
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the shaft of the first by gear or by belt. The second roll is mounted in 
slidable bearings, spring-backed, as described for Fig. 2. The teeth 
are normally cast on cylindrical segments of 60° arc which bolt to the 
roll cylinder. Tooth projection ranges from to G or 8 in., being 
greater the coarser the limiting size of product wanted. Spacing is 
about twice the projection. Sizes range from 12 X 18 in. to GO X 60 in. 
(diameter stated first). Speeds range from about 250 to 1,800 f.p.m. 
peripheral. Capacities vary widely according to the rank of the coal 
(see Chap. 24), the product size, and the speed. They may be ap- 



Fig. 5. Toothed rolls. 


proximated from the generalization that with hard bituminous coal 
about 0.022 t.p.h. is crushed to 1-in. square-mesh limiting per sq. ft. of 
roll surface acting per min.; that the tonnage to larger limiting sizes is 
proportional to the size; and that the rank factors relative to hard 
bituminous coal arc: anthracite, 0.75; medium bituminous, 1.2; and 
soft bituminous, 1.5. 

The utility of toothed rolls, apart from the high capacity, is owing to 
their splitting action as compared to the squeezing and rubbing in 
smooth rolls. This results in minimum production of fines and conse¬ 
quent maximum production of the normally more valuable so-called 
domestic sizes (see Chap. 24). 


The hammer mill (Fig. 6) is a heavy, many-armed flail A, rotating 
around a horizontal axis at KM) to 150 f.p.s. in a space H lined with steel 
plates, bars, etc. Feed introduced at the top is struck by the flail 
hammers and broken or hurled violently against the stationary members, 
or both. Exit may be closed by a grid C or be unobstructed. In the 


latter case circuit is often closed 


>y a screen. 
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Breaking in the hammer mill depends upon inertia of the particle to build up 
the breaking force. Considering first hammer impact, let b. Fig. 7, be a sphere of 



Fig. 6. Hammer mill. 


weight w falling vertically (or resting frictionlessly on a horizontal support) at the 
instant of contact with hammer H moving horizontally at velocity vu,\. From the 

principle of conservation of momentum, the total momentum of 
the two bodies in any given direction is unchanged by the im¬ 
pact, whence for the system postulated 

mitVH, i + mivb.i = m/rv/t'2 + mbVb.2 (7) 

The coefficient of restitution « expresses the familiar experi¬ 
mental fact that a body always loses velocity in a given original 
Fig. 7. Elastic direction as a result of collision with another body moving in any 

ball struck by other direction, and that the ratio of after-to-before-collision 

hammer. velocities is dependent only on the nature of the colliding sub¬ 

stances. Symbolically V 2 /v\ = « (approximate values of e for 
familiar substances are: glass and ivory, 0.9; steel, 0.6; wood, 0.5; lead and moist 
clay, 0.0). It follows that for collisions between bodies of the same substance 

tV/,2 — Vb. 2 = — «(«//.1 — w&.i) (8) 

the negative sign denoting the fact of loss. Simultaneous solution of Eqs. 7 and 
8 gives 

Vb.i = Vb,i — (1 + e)(vb, 1 — vii, 1 )- - - (9) 

mi / + mb 

In the instant case, assuming the mass mu very large with respect to mb, and, since 
in the horizontal direction = 0, i >&,2 = l.Qvu.i. The momentum change of b in 
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the horizontal direction is 1.6mfcVy/ a i and the average force F av of the impact is 


^ av — : 


( 10 ) 


where t is the time required for the change in velocity of b. Values of t range from 
about 0.001 to 0.002 sec. for highly elastic and substantially inelastic substances 
respectively. Maximum force F max = 1.5 F av . 


The hammers may travel at a speed of 150 f.p.s. or more. With 
such velocities the internal stresses produced by a given force are much 
larger than those caused by the same force applied more slowly, for 
example, in a gyratory crusher. Furthermore, the resistance of a rock 
particle to deformation increases with the rate of loading, but its breaking 
strength does not. As a result, a soft rock like a clay, which might 
simply deform without breaking in a jaw or gyratory crusher, would 
conceivably become brittle under the loading in a hammer mill. This 
is the probable explanation of the demonstrated superiority of impact 
mills for soft clay-like materials. 

Much greater variety in structure and arrangement of parts and in 
mode of operation is possible in a hammer mill than in any of the 
crushers previously discussed. Thus the feed entrance may be centered 
above the drive shaft or it may be placed at either side, each placing 
resulting in a somewhat different force system. The bars in the upper 
housing have the function of exerting reactions on flying particles that 
are entirely analogous to those exerted on a stationary particle by the 
hammers. Therefore they are placed so as to get in the path of particles 
thrown off by the hammers and are shaped so as to concentrate pressures 
and to deflect unbroken material back into the hammer circle or across 
the path of other high-speed particles. 

Hammers are made in a great variety of shapes and sizes representing 
the different efforts of various designers to produce the maximum of 
effective hammer force in minimum space, in a form that will maintain 
itself during wear, and that, when worn to the point of economic use¬ 
lessness, will involve discard of a minimum weight of metal. Since 
rigidity of the hammer when striking its blow contributes both to the 
momentum transferred and to the rate of transfer, hammers are heavier 
the larger the feed size and the lower the speed. Weight is normally 
concentrated at. the outer ends both to gain rigidity and useful life and 
to reduce the relative weight of discard. Several forms are shown in 
I'ig. 8. Materials range from high-carbon plate to alloy forgings ac¬ 
cording to the severity of the wear. 

Cages (C, Fig. 0) arc used in the majority of machines. Their 
primary function is to prevent premature egress from the crushing zone, 
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but the material that they pass is much finer in limiting size than the 
cage aperture. Their secondary function is to serve as a backing for 
finer particles when they are struck by the hammers and so set up 
sheaiing stresses in these particles. Capacity is increased markedly 
by decreasing the clearance between cage and hammer-tip circle. 
Similarly reversing the position of a partly worn grid so as to bring the 
comparatively sharp edges of the grid bars against the direction of 
hammer travel also increases capacity. 

For optimum operation a hammer mill must be so fed that feed will 
enter and be struck when it is at or near the circumference of the circle 
described by the center of gravity of the hammer head. This involves 



Fig. 8. Hammers. 


a balance between the falling velocity of the feed particles, the peripheral 
velocity of the hammers, and the depth of the hammer heads. If 
penetration is insufficient, the outer edges of the hammers round off 
quickly and thereafter strike glancing blows; if too great, wear is 
concentrated on the shanks. In either case capacity is below maximum. 

Mill sizes are normally stated in terms of the dimensions of the 
rectangular receiving opening in inches. (The dimensions of the 
cylinders swept out by the hammers would be more informative.) 
Dimensions for primary mills range from 18 X 24 in. to 66 X 70 in. 
These ostensibly are the only limits to feed size, but most makers warn 
that, for the smaller machines, maximum size of limestone feeds should 
not exceed }/$ to )/^ of the smaller dimensions of the receiving opening, 
nor for gypsum more than }/^, whereas for bituminous coal the feed 
may be as large as the receiving opening will pass. Machines for 
secondary service range from 4k£ X 9 in. to 48 X 62 in. 

Capacity varies markedly and not always in expectable directions 
with differences in character of feed. The available data are insufficient 
for any generalization further than that capacities are lower for hard 
tough rocks than for those with opposite character. Moisture in an 
amount sufficient to render crushed material sticky reduces the capacity 
of machines with grates tremendously. 

Size of product varies with every difference in operating character¬ 
istics that has been mentioned, and with others in addition. This is to 
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say that it cannot be predicted with any degree of assurance without 
preliminary tests, and that even with these it may be expected to vary 
considerably with the unavoidable day-to-day changes in plant operation. 

Despite its limitations the hammer mill is pre-eminent as a secondary 
crusher for rocks ranging in hardness from soft limestones down through 
the clays. It is also winning a place in secondary crushing of somewhat 
harder rocks for concrete aggregates, on account of an apparent ability 
to produce broken fragments which are, on 
average, more nearly equiaxed than those in 
the same size range produced by competing 
machines. This is of importance in concrete 
a ggregate, since equiaxed aggregate works 
into a more compact mass than an aggregate 
containing flat and slivery fragments and is 
more thoroughly impregnated by cement. 

The original stamp mill was a heavy boul¬ 
der to which horizontal poles were tied with 
strips of hide so that it could be moved up 
and down by manpower with an amplitude of 
several inches to a foot. It was the first in¬ 
termediate crusher to be mechanized, taking 
the form of heavy logs set vertically in guides, 
lifted by engagement of pegs on an extension 
of the shaft of a water wheel with other pegs 
near the top of the log. Such apparatus 
were in common use in the sixteenth cen¬ 
tury, the logs iron-shod and pounding in a 
box with a stone or iron bottom. The 



Fig. 9. Elements of a gravity 
stamp. 


primary breaking then consisted in sledging softer ores and heating and 
quenching hard ores to crack them so they could be sledged. The 
modern form, known as the gravity stamp, had its greatest flowering in 
the latter half of the nineteenth century. It has almost disappeared 
today except in the smallest mills. Hut because it naturally section- 
alizes into low-capacity units with weights capable of animal transport 
and is, therefore, eminently useful for small, isolated properties it 
warrants brief consideration. 

'l'he working part of the machine consists of one or more, usually five 
heavy pestles (stamps) rising and falling side by side in a common 
mortar, usually rectangular in horizontal section. Figure 9 is a cross- 
section of such a mortar, showing the lower or crushing part* of one 
stamp. Mortar .1 rests on a massive block formed of concrete or of 
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vertical timbers to absorb vibration. Average mortar width inside 
liners is 10 to 12 in. at the bottom; inside length is this width multiplied 
by the number of stamps falling in the mortar. Rock is fed through a 
central chute B at the back, water is introduced either here or through 
splash cover C, and crushed product discharges as wet pulp through a 
screen D. For relatively coarse product (34 to 54-in) no screen is used. 
Weight ranges from 6 to 10 times the falling weight of the stamp (see 
below). A replaceable circular die E with square base is set in the 
mortar under each stamp to take wear. Pulp level in the mortar is 
controlled by chuck blocks F. The stamp comprises the shoe G with a 
conical neck extending upward into and connecting it with boss H\ the 
stem I, which connects the crushing head and the driving mechanism 
above; and the tappet J. The driving mechanism consists of the 
tappet J, situated on stem I 5 or 6 ft. above the boss, and a two-armed 
cam on a horizontal drive shaft so placed that the ears of the cam 
engage the undersurface of lift it normally 6 to 10 in., and then 
disengage and drop it. The falling weight (parts G to J, inclusive) 
ranges from 750 lb. to 2,000 lb. 

Drop height ranges from 6 to 10 in. inversely with weight. Drops 
per minute for a single stamp are dependent upon the height of drop; 
the average is 100 @ 6- or 8-in. drops. Capacity depends upon the ore, 
the weight of stamp, the method of operation, and the sizes of feed and 
product. It will range from about 1.5 t.p.d. per stamp for 750-lb. 
stamps crushing ordinary quartz ore from l)4-in. to 28-mesh, to 25 
t.p.d. for 2,000-lb. stamps crushing the same feed to <3<£-in. 

Large-scale use of the gravity stamp today is confined almost ex¬ 
clusively to the South African gold mills, where it was installed many 
years ago before the development of modern secondary crushers and 
grinding mills. It has been retained there, despite its comparative 
disadvantages, because the operating saving to be effected through 
replacement did not justify the high cost of replacement. The method 
of use has changed, however. Where originally it was operated with 
relatively fine screens in the mortar box, making a reduction from 
23 ^- or 3-in. to 20- or 28-mesh limiting size at one step, it is now run 
as an intermediate crusher of relatively short reduction range, taking 
134 - or 2-in. feed and discharging through a 34- or 54-in. screen or over a 
relatively low dam to produce feed for grinding mills. 

If a machine for particle-size reduction—crusher or grinding mill— 
is operated to make a product to satisfy a limiting-size specification in 
a single pass of material through it (open circuit), capacity is low and 
the great bulk of the product is very much finer than the specified limiting 
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size. Both of these results are unsatisfactory in ordinary milling 

practice. If, however, a size separator is introduced into the circuit 

and the flow is arranged so that nothing can escape except as undersize 

of this separator, oversize being returned continuously to the size 

reducer, particle-size distribution in the product is changed so that 

average product size is much coarser, and the capacity of the size 

reducer is increased markedly. Such an arrangement is called a closed 
circuit. 

I here are two basic forms of closed circuits, as shown in Fig 10 
The characterizing difference lies in the order of size reducer and’ size 


O 



A 

\7 



/ 



Feed (FJ) 


Feed (FJ) 


Blend ( B,b ) 

Size reducer 

| Product (P,p) 
Size separator 


Oversize ( S,s ) 


-1 

Undersize ( U,u ) 


Blend ( B,b) 


Size separator 


Oversize ( S,s ) 

Size reducer 

Product ( P,p ) 


1 


Undersize ( U,u ) 


Normal order 


Reverse order 


tin. 10. Basic forms of closed circuits. 

separator in the flow. The order reducer-separator (item A), which 

may be called the normal order, predominates in grinding circuits, 

whereas the reverse order (item B), with new feed to a scalping screen' 

predominates 5:1 in secondary crushing. Primary-crushing circuits 
are invariably open. 

Inspection of Fig. 10 shows that the tonnage U of undersize must, on 
average, equal the tonnage F of new feed. Marked departures from 
this condition exist only during bring-up and shut-down and when feed 
late or operation of the sizing device is changed. Otherwise fluctuations 

rom equality are small. Hence the operating, balanced circuit is 
characterized by the condition 

F=V (11 ) 

It follows from Eq. 11 that the composite stream tonnage Ii in each 
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circuit exceeds F by the tonnage S of oversize from the size separator, 
i.e., 

B = F + S (12) 

This is the second of the fundamental tonnage equations of the balanced 
circuit. 

Tonnages can, of course, be estimated by time sampling, i.e., by 
catching the entire stream for a known time and weighing the catch. 
But this method is subject to considerable error in timing at beginning 
and end of the cut, particularly with large streams. The duration of 
cut must, therefore, be long enough to minimize the fractional error, 
and handling ot the resulting sample over scales and back into the stream 
becomes unduly laborious. Hence customary procedure is to take 
smaller quality samples in sufficient number to average out fluctuations 
in flow rate and quality distribution, and to composite and assay them 
for a characteristic quality. The usual quality determined is size 
distribution. 

With quality assays available, quality balances may be written, e.g., 
from Eq. 12, by analogy with the procedure of Eqs. 3 and 4, Chap. 1, 

Bb = Ff + Ss (13) 

whence, from the procedure of Eqs. 1 to 7, Chap. 1, the circulating-load 
ratio L c becomes 



S = f - b 
F b — s 


(14) 


From L c the circulating load 5 and therefrom, with F, all other tonnages 
in the circuit may be calculated readily by the same method, if the 
necessary assays are available. Results of such calculations for the 
two circuits of Fig. 10 are given in Table 1 (pp. 382-383). 

The relative magnitude of a circulating load is dependent upon the 
extent of reduction of oversize per pass through the size reducer, and 
upon the effectiveness of the size separator. The character of this 
relationship is shown by visualization of the story of line 24, Table 1. 
The relation between size reduction per pass and size distribution 
throughout the circuit is shown in lines 17 to 23 of the table. 


Development, of the equations of line 24, Table 1, is worth following through for 
its general applicability. The pattern is shown in Table 2. It is assumed that open- 
circuit crushing and single-pass screening have shown an average reduction in true 
screen oversize per pass amounting to the decimal fraction R of such oversize. It 
is further assumed that the actual oversize in tonnage tests on the circuit screen 
contains decimal fraction ,s of undersize, and that the feed to the circuit contains deci¬ 
mal fraction /of true undersize of the circuit screen. Then for item A of Fig. 10, with 
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numerical values for F, R, f, and s as given in the “Basis” for Table 2, the numerical 
values in the body of the table arc derived on the assumption that successive batches 
of 100 tons of new feed are passed through the crusher and screen in series, and that 
with each batch after the first the oversize of the preceding batch is mingled. Then 
for pass 1, new feed F and total feed B are 100, since there is no return S from a 


Table 2. Numerical calculation of circulating load per item A, Fig. 10 


Basis: F = 100 tons per pass; R = 0.6; / = 0.3; s = 0.13 



(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

Pass 

F 

s 

B 

True Oversize 

True Oversize 

Screen 

Finished 

No. 



to Crusher 

to Screen 

Oversize 

Undersize 


Basis 

co t) | 

(l) + (2) 

(1-/)/•’+(5 T ) 

(1 — R) X (4) 

(5)/(1 —s) 

(3)-(6) 

1 

100 

0 

100 

70 

28 

32.2 

67.8 

2 

100 

32.2 

132.2 

98 

39.2 

45.1 

87.1 

3 

100 

45.1 

145. 1 

109.2 

43.7 

50.2 

94.9 

4 

100 

50.2 

150.2 

113.7 

45.5 

52.3 

97.9 

5 

100 

52.3 

152.3 

115.5 

46.2 

53.2 

99.1 

6 

100 

53.2 

153.2 

116.2 

46.5 

53.5 

99.7 

7 

100 

53.5 

153.5 

116.5 

46.6 

53.7 

99.8 

8 

100 

53.7 

153.7 

116.6 

46.6 

53.7 

100.0 


preceding pass. Row 4 is 70% of F, and row 5 is the 40% of row 4 not reduced 
and constitutes, therefore, the true oversize of the circuit screen. Row 6 is the total 
oversize of this screen, containing 13%. undersize. Row 7 is row 3 diminished by 
row 6. 


Calculation of line 2 (and subsequent lines) proceeds somewhat, differently and 
follows the plan indicated at the bottom of the column headings. Total feed (row 3) 
is the sum of the second batch of 100 tons of new feed (row 1) and the screen over¬ 
size from the preceding run, which is row 6 of the preceding line. The true oversize 
in this total (row 4) is the 70 tons of oversize from the new feed ((1 —/)/.’] p| us t j, c 
28 tons of true oversize in the preceding crushed product from row 5 of the preceding 
line. Of this 98 tons of oversize 40% (39.2 tons) remains uncrushed and with its 
accompanying undersize makes up the screen oversize (45.1 tons, row 6) for this 
run, whence the finished undersize is row 3 minus row 6 or 87.1 tons (row 7) 

With successive passes the finished undersize rapidly approaches equality with 
the new feed (row 1), reaching it at pass 8 when the circuit is in balance. At this 
time, denoting the pass by the corresponding subscript, 



row Os 


row 5s 

I - / 


Itow 5s = (1 — /O'row 4s 


Row Is = (1 — f)F + row 57 

Then from Eqs. 10 and 17 


(15) 

( 10 ) 

(17) 


Row 5* = (1 - 701(1 - f)F + row 5 7 J 

= a 70(1 — f)F + (1 — R) -row 5 7 


(18) 

(19) 
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But in a balanced circuit row 5 7 = row 5 8> whence from Eq. 19 

Row 5 8 [1 - (1 - ft)] = (1 - ft) (1 - f)F 

and 

Bow 5g - 

R 

Then from Eq. 15 

s _ (1 - ft)(l — f)F 

R(1 - s) 

and 

B = F S = F [~ 1 + — 

L ft(l - s) J 


( 20 ) 


( 21 ) 


S = 


( 22 ) 


B = F + S 




1 + 


(23) 


Similar analysis of item B produces the corresponding equations given in Table 1. 
Applying the equations of lines 24 and 25, Table 1, to the flowsheets in Fig. 10, 
tonnage to the separator in item B ( = B b) exceeds that to the separator in item 
A (= B a ) by 

B„ - B 1 ~ f ” 


1 - s 


(24) 


and the tonnage to the crusher in item A (= B\) exceeds that to the crusher in item 
B (= S B ) by 


- (2 - ft) 


X {1 + (1 - ft ) 2 + ( 1 - ft ) 4 + ( 1 - ft ) 6 H - }JJ 


(25) 


Review questions 

1. Define: struck volume; secondary crusher; roll shell; nip angle for rolls; 
free crushing; choke crushing; closed circuit; ribbon factor; theoretical ribbon; 
scalping; normal order of flow in a closed circuit; reverse order; time sample; 
circulating load. 

2. What is the normal range of limiting thickness for run-of-mine rock? 

3. What is the objection to using small primary-type crushers for secondaries? 

4. What is the usual secondary crusher in hard-rock mills? 

5. In what essential features does the cone crusher differ from the primary 
gyratory ? 

f6. What fraction of the throat of a cone crusher is in most favorable position for 
discharge at all times? During what proportion of a revolution does it remain in 
this position? 

7. What element in the structure of a cone crusher makes it possible to say that 
the largest particles in the product will have a limiting thickness not exceeding the 
closed set? 

8. Sketch the force-multiplying chain for a cone crusher as in Fig. 2, Chap 20, 
naming the various simple macliines involved. 

9. Summarize the useful features of the cone crusher. 

10. Why is the allowable nip angle for rolls larger than for jaw crushers? 

11. Under what conditions is roll crushing of impact type? 
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12. Derive the equation for nip angle in rolls in terms of roll and particle diameter. 
tl3. Assuming a 4-in. throw and 250 gyrations per min. for a 7-ft. cone, compare 
the velocity of recession of the breaking head at. 3 in. from the rim of the cone with 
the velocity of free fall of a particle at that point. State answer in terms of the ratio: 
recession velocity/free-fall velocity. 

114. Calculate the diameter of rolls required to reduce feed passing a 1-in. square- 
mesh screen, if the rolls are to be set at in., the shape factor is 1.7, and the coef¬ 
ficient of friction of the rock on the roll faces is 0.25. 

115. Calculate the number of such rolls required to crush 200 t.p.h. at 2,000-f.p.m. 
peripheral speed, taking a ribbon factor 0.15. 

t 16. Refering to Fig. 7, what would be the velocity after impact of a lead shot, 
1 -mm. diam., initially free-falling vertically from rest at a point 4 ft. above the im¬ 
pact point, if hammer velocity was 150 f.p.s. and hammer weight was 100 lb.? 

fl7. Assume that body b in Fig. 7 is a rounded piece of quartz, 14 in. in diam., 
initially free-falling as in R.Q. 16. Assume hammer conditions as in R.Q. 16. 
What will be the maximum force of the impact? What would be the force if the 
quartz particle were 6-in. diam.? If one of the fragments of quartz in the second 
case was 3-in. diam. and struck perpendicularly against a stationary breaker bar 
on the wall of the breaking zone, what would be the maximum force of the impact? 

fl8. A hammer mill with 36-in. mean hammer circle, fitted with four rows of ham¬ 
mers having 4-in. depth of face, is operated at 725 r.p.m. What should be the height 
of the feed lip above the sliaft center? In what way would this height be changed 
if speed were increased to 800 r.p.m.? 

19. For what service is the hammer mill best fitted? 

f20. Neglecting friction, plot a time-position chart for a gravity stamp making 
100 @ 6-in. drops per min. 

21 . Describe a closed circuit for particle-size reduction. Give flowsheets for 
two basic forms. 

22. Explain the difficulties in tonnage sampling. 

t23. Investigate whether the quality balances, circulating-load ratios, and assay 
relationships in Table 1 hold equally well for wet circuits if the quality assays are 
stated in terms of dilutions rather than size analyses. 
f24. What operating factors determine the circulating-load ratio? 
t25. Develop the equations for .S’ and B in terms of It and s for item B, Fig. 10 
t26. Plot B against It for F = 100 and (a) / = 0.9 and s = 0.1, 0.2, and 0 4- 
(5) / = 0.6 and » - 0.1, 0.2, and 0.4; (c) / = 0.4 and « - 0.1, 0.2, and 0.4. State’ 
in words the significance of the It-B curves. 



Chapter 22 
GRINDING 

Grinding is the final stage in size reduction. In general the problem 
is to reduce material to a limiting size which normally lies between 35- 
and 200-mesh (0.42- and 0.0/4-mm.). The most economical way yet 
devised to produce rock to this size is to rub it in a thin layer between 
hard surfaces that move tangentially with respect to each other, under¬ 
pressures sufficient to crack and shear the particles. 

Grinding grain by manual rubbing with a small cobblestone in a 
shallow depression in a larger stone antedates written history. The 
same apparatus with larger stones is employed by primitive people for 
ore grinding today. The bucking board for manual grinding of assay 
samples is a more modern embodiment. It comprises a rectangular 
cast-iron plate about 30 X 36 in. with a low ridge around the sides and 
back, and a cast-iron rubber or muller in the form of a cylindrical sector 
of 12- to 18-in. radius fitted with a handle for reciprocating movement 
of the cylindrical face along the surface of the plate in a direction at 
right angles to the cylinder axis. It is important to the student of 
grinding because it utilizes in simple and readily observable form the 
same forces that are employed in all modern grinding machinery. 

In operation the muller il / (Fig. 1 ) is swished back and forth along 
the board B with an amplitude of 12 to 18 in., one hand applying pressure 
at or near the handle socket and the other alternately pulling and 
pushing, rising on the pull and falling on the push. A relative sliding- 
rocking motion is thus obtained as indicated by arrows a and b, corre¬ 
sponding motions in the two directions being indicated by like feathering 
of the arrows. Particles too large to nip are hammered down with the 
muller. 

In Fig. 1, if the muller is considered to be rolled down to the right 
as indicated by the single-feathered end of the arrow, it sets up a normal 
force P against the spherical particle S, and a normal reaction R is 
thereby set up in the bucking board in a fashion wholly analogous to 
the case in a jaw crusher (Fig. 3, Chap. 20). If the radii of curvature 
of the muller face and the sphere are, then, such that n < 20, where <t> 
is the angle of friction, nip will occur and vice versa. Assuming nip, if 
the normal pressure P is maintained and at the same time the muller is 
slid to the left, a couple CpCn is set up which has its maximum value 

388 
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when Tp/P = tan 0 . Under the conditions postulated the sphere 
would, of course, roll to the left. But if a small particle A is present in 
the position shown so that rolling is hindered, a new normal force N A 
is set up at the contact between A and *S. If neither rolling nor sliding 
occurs, the resultant R. W , F of N A and the frictional force F between A 
and S is collinear with and equal to R P , T but in the opposite sense. If 
these two resultants are of sufficient magnitude, failure will occur in the 
general direction of the line of action of the R forces. 



■ • 

Fio. 1. Diagrammatic vertical section through a muller and bucking board. 

If S slides along either the muller or the board, any small projections 
°n its face at the sliding contact will tend to be sheared off because their 
relatively minute base areas do not have enough strength to resist even 
the tangential component of R P _ T - 

Thus the muller, coacting with the board, causes through breaks by 
reason of its weight and the additional downward pressure applied by 
the operator, and small surface projections are sheared olT by friction. 

When irregular fragments of rock replace the sphere, multipoint 

contacts against one of the surfaces, at least, prevail. The particle 

therefore, is loaded as a beam and is correspondingly more readily broken 

1 1 1 rough than is a sphere. Also sharp projections susceptible to frictional 
shear are the? rule. 

The first mechanization of the muller was the horizontal buhr mill. 
A modern form (Fig. 2) comprises a fixed upper stone a (the board of 
1 * ig. 1 ) and a revolvahlc lower stone 6 (the muller) carried on a table 
driven by pulley f/ at a peripheral speed of about 50 f.p.s. Feed from 
hopper /.• enters the central hole, and when this fills to the level of the 
top of the whirling bottom stone the overflow travels toward the periph- 
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ei*y in the outwardly converging interspace between the stones until 
it comes into contact with the stationary upper stone. An individual 
particle at this instant is indicated diagrammatically in Fig. 3. The 

lower stone exerts a frictional drag T on 
the lower surface of the particle along the 
direction of the tangent in item A. The 
radial component 72. of this force, indi- 
1 cated in item B, tends to crowd the par¬ 
ticle into a narrower space. If the sur¬ 
faces of the stone were plane on the scale 
of the particle, the latter would either be 
rubbed or would spin, according to its 
hardness and roundness. But to the scale 
j of the particle the surfaces are both gen- 

Fig. 2. Horizontal buhr mill. erally wavy and locally jagged. Particles 

become trapped in local depressions and 
are held there to be struck by jagged downward protuberances from 
the stationary roof, or be wedged in under a roof roll. 

The familiar disk pulverizer of the assay laboratory is the same 
apparatus turned on its side, i.e., with axis horizontal. In it radial 



mm 



A 

Plan 


Fig. 3. Diagram of grinding forces in a buhr mill. 


valleys are formed in the central portion of both grinding faces to 
receive and hold the larger particles for tangential shearing. 

Thus particles are reduced in buhr mills by through breaks caused by 
pressures such as are produced by a wedge or by high-speed impact, 
and by the shearing off of surface irregularities by rubbing. 
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Disk grinders and buhr mills have low capacities because their grind¬ 
ing surfaces are of small superficial area. The significance of this is 
readily understood by considering the necessary geometry of a system 
reducing particles to a specified maximum size by rubbing between 
adjacent surfaces. Certainly, unless the reduction is to be effected by 
interparticle rubbing, the surfaces must approach to the limiting- 
particle diameter of each other, and in this position each particle of 
limiting size will occupy twice its projected area of rubbing surface (one 
projected area on each of the adjacent rubbing surfaces). Then for 
G5-mesh (0.21-mm.) particles, assuming spheres, 60° packing, and 
2.65 sp. gr., 1 lb. of material would require 28.8 sq. ft. of surface. The 
effective finishing area of a 42-in. buhr mill is 4.7 sq. ft. per stone, on 
which about H lb. could be spread under the conditions assumed. 
The width of this zone is about 6 in. To move a ton of material through 
the zone requires a peripheral travel of 10,900 ft., or 3,050 ft. of radial 
travel. Radial progress along a tangent per foot of mean peripheral 
travel of the grinding surfaces is 3.4 in., whence, at 50-f.p.s. mean 
peripheral speed, the mean rate of radial progress is 14 f.p.s. Thus 
it would theoretically require about 3.6 min. to move a ton of material 
through the grinding zone. Actually it requires 20 to 30 min., cor¬ 
responding to a radial rate of about 2 f.p.s. 


The great discrepancy between theoretical and actual travel rates 
over the grinding surfaces, even when strong centrifugal force is avail¬ 
able to drive the material, points to the necessity for a large area of 
grinding surface for high capacity. The modern answer to this large- 
area requirement is the tumbling mill. It consists of a cylindrical or 
conical shell (see Fig. 9) revolvably mounted with axis horizontal 
charged somewhat less than half-full with loose disconnected bodies 
which are large and heavy relative to the ore particles but small com¬ 
pared with the volume of the container. These, when the shell is 
rotated, are lifted along the rising side until the mass assumes a position 
of dynamic equilibrium as shown diagrammatically in Fig. 4, with the 
bodies in contact with the shell and for some distance inward therefrom 
moving in the direction of the shell while those toward the axis move 
oppositely. The result is a general rotary movement of the mass 
around a horizontal more or less stationary core indicated by the dotted 
oval. J be part of the mass overlying a is called the toe. The con¬ 
formation of the surface c swept out by the innermost of the down¬ 
coming bodies depends upon the diameter of the mill, its speed, the 
conformation of the inner surface of the shell, and the size and shape 
of the tumbling bodies. 
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Shells in commercial ore-dressing practice range from 3- to 12-ft. 
O.D. and lengths from 3 to 20 ft. Tumbling bodies range from steel 
rods 3- or 4-in. diam. by 10 or 15 ft. long (a few inches less than mill 
length) to steel punchings ^-in. diam. and ^ in. thick, and include 
pebbles and lumps of hard ore, but in the overwhelming majority of 
cases they are either steel rods or cast-iron or steel balls. Feed-particle 
sizes range downward from 2}/£- or 3-in. square-mesh limiting, but 
mostly they pass a 1-in. or finer screen. Product sizes range from 4- 



Fig. 4. Diagrammatic transverse section of a revolving tumbling mill. 

or 6-mesh to 200-mesh limiting; 48- or 05-mesh limiting is most usual 
on account of the predominance of flotation as the concentrating 
process. Two or three stages of grinding are common on account of the 
relation existing between size and weight of tumbling bodies, feed and 
product sizes, and operating efficiency. The operation almost in¬ 
variably wet, and a mechanical classifier or, less often, a screen is 
normally used to close the finishing circuit and often in earlier circuits. 
Mills are denoted as rod or ball mills for obvious reasons; tube mills 
are fine-grinding mills with shell length two or more times diameter; 
mills charged with nonmetaUic grinding bodies are pebble mills. 

Excepting only the actual concentration, grinding is the most impor¬ 
tant step in most ore-dressing mills. It accounts for upwards of 25% of 
total cost. Through size distribution, both absolute and relative, it 
has a determinative effect on all types of fine concentration. In flota¬ 
tion the circuit acts additionally as agitating and aerating conditioning 
tanks for both thick and thin pulps with differential time-factor for 
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heavy and light and for hard and soft minerals. The mill adds upwards 
of a pound per ton of a strong reducing agent in the form of metallic 
iron; it adds oxygen and C0 2 in unknown amounts, and correspondingly 
unknown quantities of various ions result from the reaction of these and 
other known added reagents with the nascent surfaces formed in grinding. 

The tumbling load is the heart of the tumbling mill. Everything else 
about the circuit, structural and operating alike, is of importance only to 
the extent that it affects the movement of the tumbling bodies and/or 
the effects of that movement on the ore particles. 


o 



Fig. 5. Rods in a revolving shell. 


It has been pointed out that the tumbling charge in an operating mill 
assumes an equilibrium form and position with its center below and on 
the rising side of the axis of rotation, and that the mass as a whole rotates 
in a mean path of essentially the same shape as the periphery of the 
load but of smaller average radius. Reason indicates and casual ob¬ 
servation confirms that tangential velocities in the upcoming part of the 
load and to a considerable extent in the downcoming portion are roughly 
proportional to their radial distances from the center of rotation of the 
mass. Moving pictures, first taken by Haultain and Dyer, and such 
direct visual observation as is possible, show that bodies of circular 
cross-section additionally spin around their own axes of symmetry 
parallel to the mill axis, with velocities dependent upon their position 
in the load, and in a sense such that the side further removed from the 
center of the mass moves in the direction of the mass itself at. the point. 

The nature of the spin in a part of the mass adjacent to the shell is 
shown in Fig. 5, item A. The cause develops from analysis of the 
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system. In item B, B represents a single rod on the smooth inner sur¬ 
face of shell S of a cylindrical mill rotating about its horizontal axis O. 
The forces acting on the rod per unit of length are its weight W, the 
centrifugal force C, and the reaction of the shell, which is equal and 
opposite to the resultant of C and W, and is represented by its normal 
and tangential components N and F. For any position of B for which 
there is no slip between shell and rod the instantaneous balance of forces 
and moments, taking X and Y as rectangular coordinates respectively 
parallel and perpendicular to the plane A commonly tangent to B and S, 
with positive directions as indicated by the arrows, is 

HX = mg sin 6 — F — ma ( 1 ) 

where a is the linear acceleration of the center of mass of the rod; 

X Y — mg cos 6 — N C (2) 

and, taking moments around the axis of the rod. 


'X.M = Io r — Fr (3) 

where / is the moment of inertia of the rod, equal to J^mr 2 , a is its angular 
acceleration, and r its radius. 

For equilibrium with respect to the axis of the mill,XX = 0= 0, 
= 0, and a — 0, whence from Eq. 1 


and from Eq. 3 


mg sin 0 = F 



(4) 

(5) 


From Eq. 4, F 0, whence from Eq. 5 or must be real and positive. 
Therefore the angular velocity a> of B must be increasing. But, on the 
assumption of no slip, the tangential velocities of B and S are equal, and, 
since the tangential velocity of S is constant, o» must be constant. If 
cj is constant, ct — 0 and F = 0 by Eq. 5, which is inconsistent with 
Eq. 4. Hence equilibrium of the rod is impossible on the assumption of 
no slip. 

Experiment shows that a short rod or a ball in a smooth—but not 
frictionless—shell, rises to a certain height on the upcoming side of the 
shell and there oscillates somewhat irregularly around an average posi¬ 
tion. At any time during the slip-back 

X' = mg sin (6 — Ad ) — (F — A F) — m(a — A a) 

XT 7 = mg cos ( 6 — Ad ) — N' C 

T.M' = Icc — (F — AF)r 


( 6 ) 

(7) 

( 8 ) 
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At the end of the slip-back J^X' = 0 and (a — Aa) = 0, whence 

Y.X' = mg sin (0 — Ad) — (F — AF) = 0 (9) 

Since N' = mg cos (6 - A6) + C, 51 Y' = 0, but, since is a 

couple (a — Aa = 0, and the two forces are parallel, equal, and oppo¬ 
sitely directed), cannot equal zero, whereupon again equilibrium 

cannot exist at the low point of the oscillation. Therefore u> increases, 
conceivably until the peripheral velocities of B and 5 again become 
equal, whereupon the friction again assumes its static value, a — Aa 
becomes positive, 22X' becomes negative, and the rod travels upslope 
again. 

The average position of the rod, as opposed to an equilibrium position, 
is somewhere between the ends of its oscillatory path. Accurate expres¬ 
sion would require experimental determination of the variation of 
or with position. But, since experiment shows that the amplitude of 
oscillation is relatively small, the average may be taken as slightly below 
the upper position. Since at the upper position a = 0, ^.X = 0, 
ST = 0, angular velocity of the body relative to the mill axis is sub¬ 
stantially zero, and C is, therefore, negligible, it follows that directly 
before slip 

F = Nf = f mg cos 6 (10) 

where / is the coefficient of static friction. But at this time F and the 
downslope component of W are substantially equal, whence 

mg sin 0 = / mg cos 6 

and 


tan Q = / (11) 

Therefore 0 av is slightly less than tan -1 /. 

If a second rod is introduced at the nadir of the mill when a first is 
oscillating around its average position, it travels upslope until it makes 
contact with the first. It then exerts two forces on the upper rod, a 
frictional drag F 2 owing to the relative velocities of the two rod surfaces, 
and a normal force 51A 2 greater than 51 X\ because of the greater value 
of a 2 and F owing to lower position, according to Eqs. 1 and 2. The 
value of /’ 2 is small, owing both to the relatively light pressure between 
the rods and the fact that it is dynamic rather than static. It may or 
may not be great enough to retard the spin of both rods to the point that 
it produces change-over from static to dynamic friction between them 
and the shell. If it does not, the result will be to lift the first rod a little 
higher than it would go alone, while the second cannot reach as high a 
position as it otherwise would. On the slip-back, on the other hand, 
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the drag of the shell on the lower rod increases more rapidly and to a 
greater extent than it would on the single rod, so that the lower still 
exerts a supporting force on the upper near the lower end of the oscilla¬ 
tion. Hence the contact point between the two rods should average 
somewhat higher than the bottom of a single rod in average position. 

A third rod similarly further reduces the downslope value of for 
the top rod. However, with each increasing addition inter-rod friction 
increases and the resistance to spin increases until a point is reached 
where rod-shell friction changes from static to dynamic for all the rods 
at a smaller angular displacement than occurs with a smaller number of 

rods. Then the mean position of the mass falls, and the amplitude of 
oscillation increases. 

Further increase in rod load to the point of building multilayers in¬ 
creases the pressure between the shell layer and the shell with concomi¬ 
tant increase in friction. Experience shows that when the load is 
increased beyond a certain point—not defined either analytically or 
generally by experiment—oscillation ceases and the upper rods are lifted 
far above a point predictable by analysis of a single rod. Apparently, 
however, the force exerted by the shell in this system is closely related 
to that exerted by the shell on a single rod, as is shown by the following 
comparison of results by analysis and by experiment. 

If it be assumed that there is no substantial slip with a single rod in 
average oscillating position, the peripheral speeds of rod and shell are 
equal, whence the angular velocities are inversely proportional to the 
respective diameters. 1 he kinetic energy of a spinning rod is ^mr 2 u 2 , 
where r is the rod radius in feet and co is taken in radians per second; 
the corresponding value for a spinning ball is )4mr 2 u> 2 . The spinning 
body also gains potential energy owing to the lift h above the nadir, in 
an amount given by the equation A PE = jngh. But h = /(I — cos 0), 
whence 

A PE = mgr' (1 — cos 6) (12) 

where r' is the radius of the mill. Therefore the total energy gain A E of 
the body is 


AE — A KE + APE = kmr 2 u> 2 mgr' (1 — cos 6) 

wherein k = 0.25 for a rod and 0.2 for a ball. 


AE! ib. = 


kr 2 2 


CO 


-T r'(l — cos 6 ) 


(13) 

(14) 


It is customary to modify the conformation of the surface against 
which the tumbling bodies ride bj r making the liner blocks used to 
protect the shell serve the further purpose of influencing the action of 
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the bodies. The nature of the effect of the liner on the charge may be 
inferred from study of Fig. 6, item A, in which two courses of ship-lap 
lining are shown set with high edge trailing. First it is to be noted that 
these liners form a series of alternating longitudinal ridges and valleys on 
the inner wall. Further, the effect of the sloping face of the liner, set as 



it is, is to decrease the slope on which the charge rests. Hence, if the 
center of the upper course as shown is at the average oscillating point 
for a cylindrical surface (slope angle = 0), this course must be swung 
upward through the additional angle y before its inner surface attains 
the slope 0. The effect is, thus, to raise the charge higher and so increase 
potential energy per pound to r (1 - cos (0 -f- ?)]- With rise angles in 
the customary range of 5 to 10° the effect may be to increase the lift by 
more than 50%. 

If the liner course is reversed to make the low edge trail, as in item B, 
Fig. G, the effect is to set up hurdles in the way of downrolling bodies, 
largely prevent them from rolling, and thus transfer spin production to 
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the inner surface of the partially immobilized shell layer. It is doubtful 
however, that this surface is as effective to produce spin as a smooth 
surface. Certainly if roll of an individual body down a stationary 
incline and spin of a body on an upwardly moving incline of the same 
slope are equivalent phenomena, as they should be from the standpoint 
of relative motion, rolling will be much slower on the uneven surface 
That this analysis is valid is indicated by mill experience with ship-lap 
liner in the two positions. With the high edge leading, liner life is 
longei and power draft is less. Longer liner life is consistent with the 
protection offered by the relatively immobilized wall layer in item B. 
The smaller power draft is consistent with reduced spin and correspond¬ 
ingly reduced kinetic-energy transfer at the liner face, whereas there 
is not a corresponding increase in potential energy, because the greater 
prevailing slope of the liner faces tends to cancel out the lifting effect 
of the high leading edges. 

It is apparent from Eq. 1, taken with Fig. 5, that motion of B in the 
minus X direction is dependent upon F, which is equal to fN and is, 
therefore, dependent in part on the magnitude of C, which is given by 
the equation 

C = mru) 2 (15) 

It is a familiar fact that C can be made to exceed the weight W of a 
body at relatively low rotatory velocities. In a tumbling mill the speed 
at which C = IF is called the critical speed. At this speed 

ro> k 2 = g (16) 

whence, from the relations io = v/r and v = 2irrN k /60, 



( 17 ) 


wherein A r k = critical r.p.m. and r' is internal radius in feet. Mill 
speeds are normally stated in terms of percentage of critical speed. 
Expressing percentage critical as a decimal fraction (3, its value in terms 
of r.p.m. ( N') is 



N'V7 

54.2 


(18) 


It has been shown that the maximum energy transfer per pound of 
tumbling body is attained when the body is spinning without slip near 
its top position, and further that as additional bodies are added each 
appears to be capable of taking up an equal energy increment which it 
expends in part by adding to the potential energy of its predecessors. 
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Since all the energy that goes into the load enters from the shell through 
the wall layer and thence to adjacent layers, it should follow from the 
equipartition principle that the total energy transfer to the load is 
deducible by multiplying the energy transfer per pound to the single 
body by the weight in pounds of the total charge. As a test of this 
hypothesis assume a charge of 3-in. rods in a mill of 6-ft. diam. inside a 
ship-lap lining run with high edge trailing, the rise of the face being 10°. 
Assume that the mill is running at 55% of critical speed, which gives a 
mean peripheral velocity of liner face of 5.4 f.p.s., whence, with no rod 
slip, the peripheral velocity of the rod is the same and co = 43 radians 
per sec. Then AKE per pound is, from Eq. 13, 0.23 ft-lb. Taking 
/ = 0.4, 6 for a cylindrical liner is about 22° (Eq. 11), and adding the 
rise in the ship-lap liner gives d' = 32°, wherefore, by Eq. 12, APE per 
pound is 0.45 ft-lb. and A Eu b . = 0.68 ft-lb. by Eq. 14. 

In order to check this energy input per pound of a single free body with 
that of the mass of bodies in an operating charge, it is necessary to bring 
the two measures to a common basis. To do this requires determination 
of the time-factor in the energy input for one of the two cases. Sufficient 
facts for a definite statement of this time are not available for either 
case, but an approximation is possible for operating loads. Thus the 
translatory velocity of an outer rod (shell side) in a fully charged mill 
is less than that of the shell, since there is some slip. The outer rods 
suffer a further loss in translatory velocity because of spin. On the 
other hand visual observation indicates that slip is not great, and this is 
confirmed by the fact that although bodies are not carried over the top in 
an operating mill when shell velocities are at the theoretical critical 
speed, they do carry over at not much greater speeds. Bond reports an 
observation that in a laboratory mill the sixth row in from the wall was 
traveling at 55% of shell velocity. On the basis of these facts an 
estimate of anywhere from a 10 to 25% loss of velocity between the 
shell and the adjacent layer of rods would seem reasonable. If it is 
correct, then when applied to operating figures for horsepower per ton 
of rods to reduce to energy input in foot-pounds per pound, it should 
check the figure for AEi lb . derived in the preceding paragraph. 

Performance figures for 6- and 6}^-ft. rod mills operating at 51 to 
50% of critical speed range from 5 to 7.2 hp. per ton of rod charge, or 
0.0025 to 0.0036 hp. per lb. The relationships involved are 


hp.iib. 


ft-lb. per lb. 
550 ~t 


(19) 


The value of t must be estimated from the same performance figures 
on the basis of the facts available and assumptions based on these facts. 
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It had already been stated that with a normal rod charge (40 to 45% of 
shell volume) the shell layer of rods has an angular velocity relative to 
the mill axis not greatly less than that of the shell. Their angular 
velocity relative to their own axes is distinctly less than that of a single 
or free rod in its average maximum position. This confirms that there 
must be some slip between the shell-layer load and the shell. Since 
there is quite apparent slip when a free rod is being brought up from 
shell nadir to average maximum position, it follows that the time required 
for the free rod to travel this distance is greater. In so traveling the 
free rod receives the maximum energy that can be transmitted to it by 
the shell. It may be assumed, as a first approximation, that the same 
holds true for the same travel for a load rod, foreseeing a test of the 
assumption in the reasonableness of the value of t which flows from it. 
But when the load rod reaches the average maximum position of the 
free rod, whereas it has the same potential energy, it has lower kinetic 
energy as an individual. The difference is, however, readily accounted 
for by the kinetic energies of inwardly positioned rods which have been 
set in motion, both rotatory and translatory, by it. 

Assume now further that the times required for equal energy inputs 
are the same for the free and load rods. Then 


GO d' 

N 300 C 


(20a) 


wherein N is r.p.m. and c is the ratio of the time required for a load rod 
to reach average maximum free-rod position to the time required by the 

shell to cover the same angular distance. But N = 0Nt = 54.2/3/V'r 7 , 
whence, by substitution in Eq. 20a, 


CQ'V7 

325/3 


(20b)* 


Substituting the value for l from Eq. 20b in Eq. 19 gives 


hp.i ib. 


(ft-lb. per lb.) • 325/3 

550 c6'V7 


(20c) 


Substituting in this equation the value of ft-lb. per lb. = 0.68 calculated 
on page 399 and solving for c gives values ranging from 1.09 to 1.40 and 
averaging 1.32. Substituting this value in Eq. 20b gives t = 0.42 sec. 
for an angular displacement of 32°. The actual time for such angular 
displacement of the shell is 0.32 sec. Hence the indicated slip is 31%, 

* It should be noted here that the dimensions of N are T~ l (see Eq. 17) from 
which it follows that the numerical constant in Eq. 20b has the dimensions L^T~ l . 
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which is well within the framework of fact on which the time assump¬ 
tions were made. Then Eq. 20c may be rewritten 


hp-i 


ton rods 


_ 945 (3 [kr 2 u > 2 -f gr f (1 — cos o')] 

ge'y/7 


( 20 ) 


But rV 2 = v r 2 , where subscript r denotes rod, and this equals v a 2 , 
where subscript s denotes shell, on the assumption of no slip underly¬ 
ing Eq. 14. And = 2 7 rr , iV/G0 = 0N k (2irr'/6O) = 5.7/3 V7, wherein 
the number 5.7 has the dimensions L H T~ l . Substituting in Eq. 20 
and regrouping gives 



ton rods 


950/3 V'r 7 (0.25/3 2 + 1 — cos 6 f ) 

e' 


( 21 ) 


wherein the numerical constant 950 has dimensions L H T~ l and d' is 
taken in degrees. 


Power draft per ton of charge for ball mills averages considerably 
higher than that for rods as given by Eq. 21. The reason is not estab¬ 
lished. The force applied at a given depth in a rod load is greater than 
that in a ball load in proportion to the weights per unit of struck volume, 
i.e., approximately as 4:3. If it be assumed that the energy trans¬ 
formed to effective kinetic form is proportional to the respective sur¬ 
faces, then the draft by balls per unit of charge weight is 1.5 times that 
of the rods. Balls lift higher with a given speed, all other things being 
equal, owing probably to more effective keying and to smaller weight 
per unit struck volume. Hence they draw more energy in potential 
form. Purely empirically the effect of these and possibly other differ¬ 
ences is taken care of by applying the factor B to the right-hand side of 
I'M- 21, giving to B the average value 1.5 for overflow-type cylindrical 
mills and 1.75 for grate-type, at the same time giving to the coefficient 
of /3 2 the value 0.2 as per Eq. 13. 


Action of the tumbling bodies in the downcoming portion of the load 
is determined by the way in which they leave the shell. This, in turn, 
is determined by shell diameter, linear conformation, and angular 
velocity. As may be seen from Fig. 7 (in which a smooth liner and a 
point body are assumed for simplicity) a free body leaves the shell when 
the direction of the resultant of its weight and the centrifugal force lies 
below the tangent to the shell, whereupon the point of leaving is just 
beyond the position where the resultant coincides with the tangent 
(central angle = a 2 )- For this position 

C = W sin 


( 22 ) 
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But C = WtP/gr, whence 


v 2 

sin or 2 = — 

gr 


(23) 


Express v m terms of N k and /3, as in the development of Eqs. 17 
and 18, gives 

sin or 2 = /3 2 ( 24 ) 

Calculations by Eqs. 17, 18, and 24 are ideal and should not be ac¬ 
cepted as significant in any real condition. Even under ideal conditions 



Fig. 7. Centrifugal effects on a body in a revolving horizontal cylindrical shell. 


liner conformation other than cylindrical will change the leaving point 
in indeterminate ways. Under real conditions the underlying bodies 
push upward on the surface bodies, thus introducing an indefinable 
force opposing W, and the irregularity of the top surface of the up- 
pushing mass develops a resultant force on bodies in the top layer that 
has a component opposing C. Sandy material in the upcoming load 
tends to key the load to a steeper inner-face slope and thus tends to 
carry support for the top bodies higher. As a result the point at which 
bodies leave the shell in normal operation is always higher than pre¬ 
dicted by Eq. 24. In a particular operating mill in which observation 
could be made the speed was 56.1% of critical by Eq. 17 and a 2 by 
Eq. 24 was 18°, but the actual value of a was 51°. 

The direction in which the body leaves the shell in the ideal case is, 
of course, that of the resultant of all the forces acting on it. The ad- 
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ditional force to those considered in Fig. 7 is the friction induced by C. 
How much of this is expended in moving the body with the shell and 
how much goes into maintaining spin has not been determined. Hence 
this force cannot be placed in the force system as a factor in Eqs. 22 
to 24. It can be said, however, that so long as the fraction of the force 
that goes into further lift exceeds R, the body will continue to travel 
with the shell, and that when it equals R the body will leave the shell 
and follow a trajectory that, neglecting air resistance, is the composite 




Fio. 8. Sketches of portions of load in a rod mill. 


of its then velocity and its gravitational acceleration. At any leaving 
point above the horizontal axial plane of the mill the body will follow 
a parabolic path, the length of the latus rectum being dependent upon 
the horizontal component of its velocity as it leaves the shell. This is 
to say, the higher the body rides before leaving the shell the greater 
the horizontal throw. When, in a normally operating mill, the down- 
moving bodies simply roll over the upcoming mass as indicated in Fig. 4 
the action is called cascading; when there is sensible free fall the desig¬ 
nation is cataracting. 


The mechanisms of grinding in the upcoming and downgoing parts 
of the load are different. The bucking-board action of Fig. 1 pre¬ 
dominates in the upcoming side, as may be seen by comparing it with 
Fig. 8, in which item A represents to scale a group of balls or rods 
adjacent to the mill shell, item B a ball or rod and a particle adjacent 
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to the shell, and item C the contact zone between two tumbling bodies 
in the upcoming mass. 

The rubbing effectiveness of like rotation of two bodies in contact 
under pressure is readily realized by pressing one’s two fists into tight 
contact with the base knuckles of the little fingers in register and then 
rotating the two hands smartly in the same direction. This is the way 
in which the bulk of the reduction of fine particles is effected. 

Diametral breaking of coarse particles requires forces larger than are 
available by simple pressure of the superincumbent load. For the 
pressure at the bottom of a column of steel balls 5 ft. high, containing 
35% voids, is approximately 10 lb. per sq. in. Assuming a 3-in. ball 
and that the superincumbent weight on its projected area is available 
to it, it would exert a 71-lb. force at its lowest point. Common ex- 
peiience teaches that this is insufficient to produce a through break 
of even a small pebble. Doubling the load for such movement as is 
present still gives insufficient force. 

But the same ball with a 4-ft. free gravitational fall has a velocity of 
10 f.p.s. and a momentum of 2 slug-ft. per sec. which, if transferred in 
0.002 sec., produces a force of 1,000 lb. 

Pressures in rod loads are greater than in ball loads not only on ac¬ 
count of the smaller percentage of voids (9.7% with 00° packing) but also 
because of the larger transmitted load. Thus a 3-in. rod 12 ft. long, 
at the same 5-ft. depth above considered for the balls, would exert a 
force of about 3400 lb. at each end statically, if bearing at only these two 
points. Free-falling with the same velocity as the 3-in. ball, its mo¬ 
mentum would be 145 slug-ft. per sec., and if this were transferred at the 
rate previously assumed the force would be about 36 tons. Even 
with the relatively short partial free falls attained by bounding down 
the face of the load, say, equivalent to a true free fall of 3 in., the force 
would be 9 tons, the assumption being in all cases complete momentum 
transfer. 

Observation of the toe of an operating rod load when the mill is run 
at a speed that produces considerable bounding fall shows that the rods 
in the toe land crossed like partially opened scissors. Then as they are 
dragged under the toe of the load they snap into parallel like scissors 
snapped shut. Since this is the location in which much of the coarser 
feed collects, it would seem probable that scissoring does considerable 
of the coarse breaking. 

As has been already stated, the shells of tumbling mills in ore-dressing 
plants range from 3- to 12-ft. diam. and from 3 to more than 20 ft. long, 
depending upon the tonnage, the tumbling body, the fineness of product, 
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and the age of the installation. Rods and balls are normally 1^- to 
3-in. diam., new, so that there are hundreds of the former and thousands 
of the latter in each mill charge. Continuous operation is demanded. 
The problem is, therefore, to distribute the feed particles to the thou¬ 
sands of square feet of grinding surface so as to utilize it effectively, 
and to remove the product as soon as it is finished to prevent harmful 
overgrinding. 

Structural considerations demand that the rotating container with 
its tumbling tons be mounted with axis horizontal to save end-thrust 
on the bearings, with attendant evils of heat and wear. 

Theoretically, of course, there are two principal directions in which 
the particle stream can be passed through the tumbling load, i.e., 
perpendicular to or parallel to the axis of rotation; and two general 
ways to cause the particle movement, viz., by gravitational flow or by 
some sort of forced flow. Both alternatives have been tried in each 
case, and all four are operable, but the combination of axial gravitational 
flow has proved so superior that it is used almost without exception 
for wet work and in the majority of dry work. 

Hence the typical tumbling mill comprises a heavy steel shell of 
circular cross-section, cylindrical or cylindro-conical in longitudinal 
section, set with axis horizontal, having a feed opening in one end and a 
discharge outlet at the other, and fitted with a gear-and-pinion drive to 
handle the heavy unbalanced load. These elements in characteristic 
embodiments are shown in Fig. 9. 


Item A is a typical cylindrical mill of trunnion-overflow type. This 
means that the cylinder end-closures carry smaller cylinders coaxial 
with the large, which, resting in bearings on the indicated foundations, 
support the main cylinder rcvolvably. Also, being hollow, they afford 
passages for feed and overflow discharge. Drive on all the mills is by a 
gear as indicated, but the drive pinion, diagrammatic-ally indicated in 
the drawing as below the shell, is normally at a level slightly below the 
mill axis and on the upcoming side. Gravitational flow of pulp is 
achieved by making the discharge trunnion of larger diameter than that 
for feed. A spiral scoop attached to the feed trunnion serves as a 
feed elevator and to build enough head at the outer end of the feed 
trunnion to cause inward flow. Item Ii is not essentially different from 
item A; the conical heads are possibly somewhat stronger structurally. 

Item C is the typical conical mill, differing from A essentially in the 
relatively acutely conical discharge end. This limits it to use with balls 
or other substantially equiaxed tumbling media. These it tends to sort 
roughly so that the coarser are quite definitely concentrated in the 
cylindrical section. The cone does some rough classification by directing 
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coarse-sand sediment back toward the cylindrical section, and at the 

same time, by elevating the fine surface pulp on the rising side it 
accelerates discharge. ’ 

Item 1} is a grate mill. It differs from A in that the tumbling charge- 
limited as in the conical mill to substantially equiaxed bodies—is 
confined at the discharge end by a grate a with radial or tangential 



(All transverse sections are circular.) 


Fig. 9. Common forms of tumbling mills. 


slots 14 to 1 in. in width according to the size at which it is desired to 
permit worn tumbling bodies to discharge. Outside the grate the 
shell is fitted with lifters b of various forms which elevate the pulps 
sufficiently to spill it onto a discharge surfac4 c. The effect is to lower 
the level of pulp discharge from the mass of tumbling media to a point 
well below the bottom of the trunnion opening. This increases the pulp 
fall through the tumbling charge and thus accelerates the flow. It has 
the further effect of decreasing the pulp load within the tumbling mass, 
thus lessening cushioning but increasing steel wear. 

Item E is an open-end grate mill, dispensing with the pulp elevator 
of item D. To achieve the open end, the discharge end is supported by 
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tire d and rollers e. Maximum fall of pulp for a shell of given propor¬ 
tions is thus achieved. 

Item F is a tube mill, characterized by a length several times its 
diameter. It was designed for ultrafine grinding in the days before the 
practice of closing grinding circuits with classifiers was invented, and 
finished product was sought in a single pass. It has disappeared today 
from most ore mills. 

Item G is a compartmented tube mill used for dry grinding, princi¬ 
pally in cement plants. It is essentially a tube mill divided into two or 
more compartments by grates which permit the use of balls or the like 
of progressively finer sizes as the feed is reduced in its passage. Variant 
forms permit discharge of products from the compartments; these are 
classified and unfinished material is returned. 

The normal ratio of shell length to diameter is from 2:3 to 1.4:1 for 
ball mills; 2:1 to 4:1 for tube mills; and 1:1 to 1.6:1 for rod mills. 
The 1 :1 ratio predominates for large mills of both rod and ball types, 
undoubtedly a reflection of the advantage of high in-load pressures 
(see p. 404). 

Rod mills and ball mills have been built with two-end feed and 
peripheral discharge through the shell at the center. The effect in both 
cases is to take advantage of the quick-grind granular-product?iibwrnctcr- 
istics of a short mill without multiplication of mill units. The^Viouble-'< 
feed rod mill is used wet for production of sand for concrete aggregate:"' 
The ball mill is used dry for cement clinker and is usually divided by a 
partition that permits grinding through different ranges in the two ends. 


Tumbling mills must, of course, be lined completely in order to protect 
all parts that come into contact with pulp from wear. But, as de¬ 
veloped in consideration of Fig. G, the shell liner is additionally an 
important part of the tumbling mechanism. Hence it must be chosen 
from the dual standpoint of conformation to aid the kind of tumbling 
desired and, within that limitation, to achieve maximum resistance to 

wear. To a certain extent the two requirements call for dissimilar 
const ructions. 

The three common liner conformations are smooth, pebbled, and 
longitudinally ribbed. Smooth liners are used for fine or relatively 
soft, feeds, when high in-load pressures are unnecessary but maximum 
spin is desired. Pebbled liners are obtained by providing grooves or 
pockets of such shape and size that balls or pebbles will wedge into them 
and remain until worn down to a size at which they break and fall out 
Thereupon others take their place, and self-renewal of the wearing 
surface is achieved. Two pocket forms, drawn from photographs are 
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shown in Fig. 10, items H and I. The Britannia liner, item J, provides 
similar pockets. The grooves in items F and G fill like the spaces 
between the plates in item I. The pebbled surface provides slightly 
greater lift for a given speed than the smooth, but with some sacrifice 
of spin. 



I J 

Fig. 10. Tumbling-mill liners. 


Ribbed liners, made in a wide variety of forms, are typified by items 
A to F, Fig. 10. They comprise rolled or forged shapes or castings or 
combinations thereof, in units small enough to be handled through a 
manhole in the shell. Item A is the plate-and-wedge-bar type; item B 
the wave type; and items C, D, and F are ship-lap forms. Important 
factors in design are the spacing of the ribs; their form, inward projec¬ 
tion, and, for nonsjunmetrical types, their placing with respect to the 
direction of rotation; also the position of the bolt holes, plate thickness, 
and, of course, the kind of metal and its heat treatment. 

Ribbed liners arc used when high lift of the load, with or without clear 
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thrtnv at the top, is desired for either balls or rods. The ribs must be 
continuous throughout the length of the shell with rods; courses may 
be broken for ball charges. Experience teaches that maximum grinding 
and minimum wear correlate with low ribs (less than half ball or rod 
diameter in height), set with the leading side of the ridge making a 
relatively low angle with the tangent to the shell. These arc the 
conditions for maximum spin. High ribs with a steep leading edge 
produce free fall on the axis side of the load at relatively low mill speeds 
but are not so effective in production of fines. 

With low ribs wear predominates in the valleys or on the ridges 
according to the width of the valley relative to the diameter of the 
tumbling body. If the width of the valleys of the original liner is three 
or more times the diameter of the tumbling body, valley wear pre¬ 
dominates; if initial valley width is about twice tumbling-body diam¬ 
eter, ridge wear predominates, is relatively rapid, accelerates as it pro¬ 
ceeds, and tends toward ship-lap configuration with the low edge 
leading, whereupon, with ball loads, wear rate decreases. Undoubtedly 
this is partial explanation of the genesis of the ship-lap liner. 

With the relatively sudden adoption of large-diameter rod mills to 
increase capacity during World War II, caution dictated low-wave 
linings and relatively low speeds to avoid excessive hammering which, 
it was feared, would result in liner, or even shell, cracking. As a further 
precaution, manganese steel was selected as liner metal for its toughness. 
But in several cases the necessary relation between rod diameter and 
wave spacing was overlooked. As a result, with hammering largely 
eliminated and surface hardening not effected, and with wave spacings 
that accentuated crest wear, the crests were abraded preferentially. 
Then, as linings became smooth, rod lift decreased further; the ac¬ 
companying increased slip caused the main body of the liner to wear 
away like cheese; capacity fell off badly; and in one case the rod load 
finally slumped to the bottom of the shell, and the shell revolved fruit¬ 
lessly around it. 


The best lining form and material for these large mills are not yet 
known. But if manganese steel is to be used, it seems certain t hat a drop 
at the trailing edge of the liner block, such as is produced by the ship- 
lap form with low edge loading, would serve to give the moderate 
hammering necessary for surface hardening. Flat Ni-hard plates with 
alloy steel wedge bars have proved satisfactory in a large rod mill run at 
about 80% of critical speed wit h 3^-in. rods. There was definite free fall 
of some of the rods, yet after milling somewhat over two million tons of 
ore there had been no plate breakage. Cushioning by use of zinc backing 
minimizes the danger of cracking and helps to keep liner bolts tight. 
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The preceding two paragraphs have been inserted at this point to 
emphasize to the student the necessity to project himself mentally 
into the interior of the machines that he reads about, and even more so 
into those that he sees in operation. A tumbling mill in a plant is a 
lazy-appearing colossus, with a quiet grumbling in its interior that in no 
way reflects the intense activity there. It contains a random multitude 
of bodies with no positive connection either to the shell or to each other. 
The way these bodies move determines how well they grind. But the 
operator has no direct control of their movement as he has in the other 
size-reduction mechanisms that have been studied. He has only a 
statistical control by way of the interplay of shell size and shape and 
speed, liner conformation; tumbling-body shape and size and size 
distribution; feed-particle nature, shape, size, and size distribution; 
moisture content; feed rate; and the coactions of all these with each 
other and with the external pulp circuit. His colossus demands large 
amounts of energy and yet is reluctant to accept all that it is offered. 
It consumes unconscionable quantities of expensive steel. In many 
cases it costs more to run than any other part of the plant. It is a 
constant challenge to every conscientious operator. And it yields its 
secrets slowly. 

Rods are invariably of high-carbon steel, sufficiently hard and brittle 
to break as they wear down without kinking or bending and so tangling 
the load. Balls are made of forged alloy steels, cast steels, or cast iron. 
Hardness is important with hard ores from the standpoint of both 
grinding efficiency and wear; hence heat treatment is essential. Cast 
balls are brittle and breakage is high at cataracting speeds, so they are 
rarely used with coarse feeds. Hard lumps of ore, 3- or 4-in. sizes, are 
sometimes used as substitutes for balls in fine grinding, particularly 
when the latter are high-priced. The substitution requires marked 
changes in operation and is usually accompanied by decreases in capacity 
and efficiency, but with ball consumptions of 1 or 2 lb. per ton and 
upward, inflated ball prices, and power prices generally frozen by govern¬ 
ment regulation, cost efficiency will increasingly dictate such change. 

Wear of both liners and tumbling bodies in wet grinding may be 
increased markedly by corrosion. The various ferrous alloys used for 
liners, liner bolts, mill shell, and tumbling media, and the conducting 
sulphides in ores constitute with the aqueous pulp solution a multitude 
of electrolytic cells, with potential differences that may amount to as 
much as 0.5 volt. These cells short-circuit whenever two dissimilar 
electrodes come into contact, whereupon current flows and one or the 
other electrode dissolves. Maximum chemical activity is observed 
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with heavy sulphide ores. The actual chemistry of such a system has 
not been worked out for any particular case. Generally, however, 
since the pulp solution is a part of the electrical circuit, and its dissolving 
power depends, all other things being equal, on the concentration of 
heavy-metal or hydrogen ions that it contains, it follows that reduction 
of these concentrations will minimize corrosion. Hence, if hydroxyl 
ion can be tolerated, lime or soda ash added to the mill serves as a simple 
remedy and is the one customarily employed. When this remedy is 
not available, careful study of the various possible cells, with substitu¬ 
tions for those showing high solution potentials, is indicated. 


The charge in an operating ball mill contains balls of all sizes from 
the largest renewal ball—normally fed daily—to the smallest that the 
mill will retain. In cylindrical mills the larger balls tend to segregate 
at the discharge end, regardless of which end they are fed at. This is 
probably owing to swell of the mill contents at the feed end due both 
to the larger particles there and to the consequent lower fluidity of the 
pulp. As a result of the swell the surface of the toe at the feed end is 
somewhat higher than at the discharge end, and the larger balls, rolling 
over this rough surface the more readily, gradually work down the 
slight longitudinal grade to the discharge end. The result is decreased 
grinding owing both to loss of impact by the larger balls at the feed end 
where it is needed, and to decrease of rubbing surface at the discharge 
end where such surface is necessary for finishing the grind. Various 
means have been proposed to combat the segregation, the simplest 
being either to make liners thicker toward the discharge end or to 
increase the thickness of liner backing there so as to level off the surface 
of the load. More elaborately the shell may be made in the form of a 
frustum of a highly acute cone, or liner ribbing may be spiraled in such 
a way as to maintain a gradual longitudinal circulation. 


The effectiveness of shell speed and liner conformation in activating 
the tumbling charge and thereby causing grinding is materially modified 
by the nature of the flow of pulp through the charge. This depends 
upon the characteristics of the pulp and the proportioning and con¬ 
struct ion of the shell ends. A wet pulp in a tumbling mill is a suspension, 
maintained more or less constant in any short transverse section by the 
agitation incident to the movement of the tumbling bodies. The 
moisture content is kept at a level which is a compromise between the 
necessity to maintain longitudinal flow and the desire for a pulp con¬ 
sistency that will cause the tumbling bodies to remain coated with a 

layer of pulp sufficiently thin not to act as a cushion between adjacent 
bodies. 
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The average rate of flow of pulp through a mill is determined by the 
feed rate for any feed rate within the transport capacity of the mill. 
But the cross-section of the pulp stream can be changed, and with it 
the stream velocity, by changing the drop from feed to discharge lip, 
e.g by varying the discharge height by means of a grate at the discharge 
end to hold back the tumbling charge while permitting free egress of 
pulp. The consensus of experimenters on the effect of discharge height 
is that lowering the discharge, all other operating conditions remaining 
equal, results in increase in power draft, a substantially proportionate 
increase in capacity, a marked increase in circulating load, and a dis¬ 
proportionate increase in steel consumption. At the same time the 
mean slope of the surface of the pulp in the mill increases, with the result 
that the surface is below its former level throughout all but the feed end 
of the mill. Sizing data indicate no significant change in the percentage 
°f < 200-mesh material in flotation feeds, but some indication that the 
size distribution in the subsieve fraction is more toward the fine end 
with high-level operation. The implications are that the increase in 
power draft is due to decrease in lubrication of the tumbling load, owing 
both to a more granular interstitial filling and to thinning of the average 
ball coating. Both of these changes would be expected to result in a 
higher lift of the center of gravity of the load, i.e., to a greater trans¬ 
formation to potential energ 3 r (see Eq. 12). This postulate is consistent 
with the increase both in circulating load and in steel consumption. 
The proportionate increase in capacity is, then, attributable to higher 
in-load pressures resulting from the higher lift, and to decrease in cushion¬ 
ing owing to the thinner ball coatings. Increase in circulating load is 
consistent with shorter time per pass, but is probably due to substantial 
absence of in-mill classification owing to elimination of the pulp pool that 
overlies the toe of the charge in high-discharge operation. The velocity 
of through-mill flow is also affected markedly by the petrological and min- 
cralogical character of the ore, feed-particle size, and the moisture content 
of the pulp. 'I he behavior of the charge is correspondingly altered. 

The flow phenomenon is best attacked from the standpoints of pulp 
fluidity and lubricating characteristics. Fluidity, under the conditions 
of agitation prevailing in the mill, increases with dilution for a given 
ore and particle size, and with fineness when ore and moisture are con¬ 
stant. Lubricating effect increases with fineness under all circum¬ 
stances; it decreases with hardness of the minerals; it normally increases 
with dilution up to the point where classification in the mill becomes so 
rapid that size segregation occurs despite the agitation, whereupon it 
decreases; it. is a maximum in ores containing high percentages of 
clayey, talcky, and sericitic minerals. 
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The effect of low lubricity is, of course, to decrease slip and thereby 
increase lift. With normal fluidity this causes increase in power draft 
and a corresponding increase in grind. But if at the same time fluidity 
is low, the result is to expand the charge by filling the interstices with 
pulp. Excessive cushioning thereupon occurs, spin is lost, and, if no 
remedy is applied, the shell soon begins to spin around a substantially 
inactive load, slumped to the bottom, and grinding ceases. 


By Eq. 21 and the empirical modification thereof for balls it is shown 
that the power draft per ton of tumbling media is a function of the square 
root of the mill radius. The tonnage of media per foot of length for a 
given percentage of mill volume is a direct function of the square of the 
mill radius, whence it follows that for mills 1 and 2 of dilTerent diameters 


hp. 

hp. 


per ft., 1 _ 


' 2.5 


per ft., 2 


r 2 


' 2.5 


(25) 


This relation, differently developed, was pointed out by Gow et al. 
Experience has shown, as is to be expected, that for given mill conditions, 
which is to say for equal values of (3 and d ', tumbling bodies of the same 
shape, the same ore, the same limiting sizes and size distributions for 
feed and product, and the same moisture content (in other words, the 
same interstitial filling), capacity and steel consumption vary directly 
as power draft, whence they similarly are functions of r' 2 5 and of shell 
length. 


It was developed in Chap. 20 that no generally acceptable method for 
estimating the mechanical efficiency of size reduction of particulate 
masses has yet been devised, owing both to lac k of agreement as to the 
proper measure of useful work and to inability to measure fragmental 
material. The methods of approximation of relative performances 
with coarse materials there described are not useful for fine mixtures, 
because of the large proportions in these of .subsieve sizes, and correlative 
lack of significance of the 80% size. Performance statements in grind¬ 
ing take the form “tons per hour to a stated mesh,” e.g., 20 t.p.h. to 
48-mesh limiting. 

But this statement may denote anything from a small fraction to 
3 or 4% on the designated screen, and such a range can easily correspond 
to a range of 5 to 10% in the stated tonnage. Efficiency is normally 
given jus tons of a stated mesh produced per horsepower-hour of energy 
input,” the mesh commonly being the one that is critical from the 
standpoint of after treatment, e.g48- or 05-mesh in flotation; 100- or 
200-mesh in cyanidation. Differences in size of feed, in its grindability, 
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and in the limiting mesh of the product, all of which are important 
factors in the quantity of product of desired size obtained per unit of 
time, are omitted from the efficiency number perforce—there is no 
known method of giving them comparable numerical statement. 

Garms has proposed that, when steel is not wasted, consumption S in 
size reduction is a measure of grindability with ores of the same degree 
of abrasiveness (excluding corrosion effects), whereas, with the same 
qualification, energy consumption P per unit of production should 
maintain a constant ratio to it. The consequence of this proposal is that 



( 26 ) 


where E is efficiency, & is a unit-proportionality constant, W 0 is the 
useful work done in reduction, and IF,- is the energy input required to 
do this work. 

Determination of k by the usual methods is not possible because W 0 
is indeterminate in the present state of knowledge and neither S nor P 
is expressible in rational mechanical units. Garms suggests resolution 
of the dilemma by setting up a norm for S/P and comparing a given 
operation to the norm as a basis for estimation of a relative efficiency 
Er. A significant single-number value of Er is obtainable as follows: 

1. Reduce all steel consumption to the basis of a “standard steel." In 
lieu of data on relative wear of different steels, use for S the cost of the 
steel consumed per ton of production, which should be proportional to 
the weight of a “standard steel” in any locality where all kinds are 
competitively available. Alternatively set up a table of standard-steel 
equivalents on the basis of relative per-pound prices of steels of different 
compositions, shapes, and sizes in such a locality, and convert the weight 
of a particular steel consumed in a given locality to the equivalent weight 
of the standard steel. 

2. Choose as the unit of production the undersize of a mesh of separa¬ 
tion fine enough that a significant percentage of oversize will be present 
in the finest product to which the investigation extends. For most 
flotation mills <65-mesh would serve. 

3. Plot £ (as ordinates) vs. P (e.g., pounds of standard steel vs. 
horsepower-hours per ton of 65-mcsh produced) for a number of plants 
deserving the designations “seasoned” and “well-run.” (The data 
should probably cover approximately the same reduction range, but not 
necessarily the same machine or machine sequence.) Draw a straight 
line through the origin and the center of gravity of the plotted points. 
The slope of this curve is the standard or reference value M of standard 
steel per horsepower-hour for the specified size reduction. 
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4. Calculate S/P for any mill, reference or otherwise. 

5. Calculate its deviation D from the standard. If this deviation is 
positive, excessive steel consumption is indicated; if negative, excessive 
power consumption. 

6. Subtract the absolute value of £)( = [£)]) from M and divide the 
result by M. 




(27) 


7. Append a (-|-) or ( —) sign to denote the showing of paragraph 5. 


Table 1. 

Item 

3-in. cast balls 
3-in. cast-alloy balls 
3-in. forged-steel balls 
3-in. rods 
Roll shells 
White-iron liners 
Manganese-steel I i tiers 

Based on 3-in. cast balls, it should 


Equivalent Steel* 

Equivalent Pounds of 
3-in. Cast-iron Balls 
1.0 
1.1 
2.1 

1.7 

4.8 
1.7 
2.4 

be noted that each of these values is a 


range depending on both the abrasiveness of the ore and the composition and manu¬ 
facture of the steel. Wear of cast balls accelerates with decrease in size owing to 
decrease in hardness with depth from original face. 


The difference in character of the movement and action of the tumbling 
bodies in the rising and falling parts of the load, and the variations in 
shape, size, and weight of tumbling bodies, in shell diameters and in 
lining characteristics, lend themselves admirably to fitting the struc¬ 
tural and operating characteristics of tumbling mills to the work to be 
done. 

Hods being much heavier than balls, rod mills are used when impact 
is the important factor in particle breaking, i.e., for the coarser feeds, 
and the mills are run faster the more free fall and scissor action needed 
for large and tough particles. But the rods are held somewhat apart 
throughout their length by the coarse interstitial material at the feed 
end so that their set, in roll parlance, is open, and they cannot do fine 
grinding. Furthermore, a charge of a given weight has much less 
surface than the same weight of balls, so that they are less efficient than 
balls for grinding fine feeds. As a consequence the rod mill is essentially 
a fine crusher, making a granular product ideal for feed to one-stage 
ball milling. 
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Rod-mill diameters range from 5 to 11 ft. Speeds are normally 50 to 
65% of critical, but speeds up to 80% of critical have, after many years 
of lack of trial through fear of liner and shell cracking, proved practica¬ 
ble. Increased capacity has thus been gained, but at some sacrifice in 
power and steel consumptions. Feeds range from %-in. to 1^-in. 
square-mesh limiting size, depending upon the toughness of the material 
and the shape of the coarse particles. Steel consumption ranges from 
0.25 to 2 lb. per ton of feed. Power consumption per ton of rods ranges 
from 5 to 7.5 hp. roughly in proportion to shell diameter. Capacity in 
tons per hour per ton of rods ranges from about 0.5 to 35-mesh limiting 
size to 2.5 to 10-mesh for average ores, with a variation of 50% up or 
down for soft and hard ores, respectively. 

Ball mills are used for fine grinding. Replacement balls, added daily 
to keep charges up to a given level in the mill, range in size from 4-in. 
to 1-in., in general, according to the limiting size of feed. In any case 
the charge comprises a range of sizes from that of the replacement ball 
down to the finest, that can be held in the mill under the conditions 
prevailing, but effective balls are rarely less than %-in. diam. The 
finer the average size the greater the grinding area, but the coarser feeds 
require large balls both for impact breaking and for nipping the coarser 
particles. Modern practice is to keep limiting feed size below J^-in. 
square mesh, but. this size is sometimes exceeded in order to save one 
stage of intermediate crushing. Length:diameter ratios range from 
1.5 to 0.5; the largest mills (12-ft. diam.) normally have about a 1:1 
ratio. Normal speed is 70 to 85% of critical. Steel consumption in 
wet overflow mills is usually between I and 2 lb. per ton of feed for 
forged-steel or alloy-steel balls and manganese-steel liners, and may 
amount to 3 or 4 lb. for cast iron. Consumption in dry grinding is 
markedly lower. In grate mills the steel consumption averages 0.5 to 
1 lb. per ton higher. Power consumption per ton of balls ranges from 
9 to 11 hp. in 0- to 10-ft. overflow mills and from 10 to 12 or 13 over the 
same size range in grate mills. Capacities to normal flotation-feed 
sizes are of the general order of 0.1 ton per hp-hr., but are greatly 
influenced by operating conditions. 

Pulp density is used in grinding terminology as a rough numerical 
measure of pulp consistency; otherwise it has no significance. Con¬ 
sistency should be that of a molasses that clings to solid suifaces but 
flows readily. Such pulps move through a mill rapidly, filling all inter¬ 
stices below overflow level, and coating grinding surfaces above, yet are 
thin enough not to cushion, and they permit heavy sand to drop into 
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the toe from the pool above it. With nonclayey ores of average specific 
gravities, consistency requirements are fulfilled at 50 to 60% solids by 
weight in fine grinding, ranging up to 75 or 80% in coarse. 

Size-distribution curves (Fig. 11) for tumbling-mill products are 
strongly concave upward, denoting strong concentrations of weight in 
the finer sizes. Comparison of the 80% sizes shows that rod-mill 



O 20 UO 60 60 IOO 

f /o of limiting aperture 

Fig. 11. Size-distribution curves for tumbling mills. 


products are more granular than ball-mill, and that closing rod-mill 
circuits increases the percentage of fines in the products. It is doubtful 
whether anything more is to be read into these curves because, although 
each represents the average of a reasonable number of random samplings 
they cover an uncontrolled selection as to ore character and operating 
conditions. 

Limiting reduction ratios are fixed in reciprocating crushers and in 
free-crushing rolls by the restriction placed by the machine construction 
on the extent of approach of the crushing surfaces, and by the allowable 
nip angle. No such structural restrictions are present in tumbling mills, 
lint nature applies her own restrictions to the extent that if man de¬ 
mands maximum efficiency he must accept a limited reduction. Hence 
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whereas tumbling mills can be operated to make any desired reduction 
and some are operated at limiting ratios of several hundred to one, the 
ratios normally range from 5:1 to 30:1. The lower figure corresponds 
to primary rod or ball mills in open circuit and to secondary mills grind¬ 
ing for relatively coarse flotation feed; the higher to tube mills in closed 
circuit. The average in flotation plants is about 15:1. Many mills 
operating on soft ores reduce 100 or more to 1 in a single stage, but the 
economy is doubtful except in one-mill plants. 

The amount of grinding that a given mill does when working on a 
feed of a given size, size range, and lithological character is entirely 
dependent on the power that it can be made to draw. Hence a change 
in wattmeter (or ammeter) readings on the mill is an indicator of a 
change in conditions, wherefore these instruments can be and are used 
as indicating controls. In so doing it is necessary, however, to bear in 
mind that the internal diameter of the mill increases gradually through¬ 
out the life of a liner and that the tumbling charge decreases by upwards 
of a pound for every ton ground out. Since the power draft is affected 
by both of these changes independently of the work done by the load, 
it is apparent that the instrument reading does not have a constant 
significance as to performance. Normal practice is to replenish the 
tumbling load often enough to maintain it steadily near to a pre¬ 
determined fraction of mill volume, and to increase feed rate with 
increase in total charge to maintain power draft at a maximum for 
prevailing conditions. Overfeeding always causes a fall in draft, accom¬ 
panied by an increase in quantity and particle size of circulating load, 
whereas the converse rise with underfeed causes a drop in both of these 
characteristics. Hence although it is possible with a variable-speed 
feeder to arrange an electrical hook-up between the mill-current indicator 
and the feeder motor, this must be reset by the operator in light of the 
indications of the circulating load. 

Other mill controls are based on pulp temperature and on mill noise. 

A large part of the energy input to the mill is converted to heat. Any 
departure from the temperature which, under a given set of conditions, 
corresponds to the desired grind, marks a change in the character of the 
grind. Some operators have claimed to use the fact for control, but no 
successful automatic utilization has been effected. Noise change is used, 
however, in the so-called electric ear. This is a microphone placed 
under the mill, usually somewhat toward the downcoming side where 
the clatter of the downcoming bodies is most noticeable. Increase in 
sound denotes underfeed and vice versa, and the change, picked up by 
the microphone, is relayed to motor control on the automatic feeder. 
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Ball-mill circuits are almost invariably closed by mechanical classifiers, 
rod-mill circuits less frequently. The advantages of circuit closure are 
made apparent by study of Fig. 12 which shows, by the slope of the 
tangent to the curve at any point, the relation between grinding rate 
and position in mill when making finished product in a single pass. 
Through the first quarter of mill length the indicated rate is high, 
whereas the rate near the end is only about 5% of the initial rate. Since 
power consumption in the mill is a direct linear function of the length, 
it is apparent that the production of finished size per unit of energy 
input in the latter part of the 
mill is a correspondingly small '°° 
fraction of that at the head end. 

Since cross-section of the stream 
of pulp flowing through a tum¬ 
bling mill is substantially con¬ 
stant, the rate of axial flow is sub¬ 
stantially constant also, whence it 
follows that the amount of grind¬ 
ing per unit of time is some 20 
times faster at the feed end than 
throughout the balance of the 
mill whose performance is shown 
in Fig. 12. But since the tum¬ 
bling action is the same from end to end, the apparent performance 
difference at the different positions must lie either in the character of the 
pulp at those positions or in the performance unit. Both are undoubt¬ 
edly responsible. With increase in finished product in the pulp the 
material left on which useful work can be done is decreased, its concen¬ 
tration in the grinding zone is decreased, and the active useful grinding 
area decreases because of absence of material to be ground. Further 

such grinding as is done is not credited, because the material so reduced 
has already passed the limiting screen. 

It follows from Fig. 12 that if the mill were cut off at the quarter point 
the product would contain about 75% of finished material. If this were 
screened out and returned with enough new feed to equal the original 
tonnage, and the mixed feed ground at the same rate as the original the 
Closed circuit thus established would grind 75% of the original tonnage 
with 2o/ 0 ot the original mill length and a little more than 25% of the 
original mill power. Unfortunately mechanical classifiers will not make 
the dean splits postulated, and the fines sent back in insuring satis¬ 
factorily limited overflow may more than equal the weight of true 
oversize returned, so that the improvement from circuit closure is 


25 50 75 tOO 

c /o of mill length 

Fig. 12. Rate of size reduction in a 
single-pass (open-circuit) tumbling mill. 
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limited. But in any case the improvement is so marked that, when a 
fine finished size is wanted with mandatory specification of limiting size, 
relatively short mills with classifier guards are universal in wet-grinding 
circuits and are increasingly used in dry grinding. 

The converse of the procedure described in the preceding paragraph 
would be to increase the feed rate to the original mill. The expected 
effect would be to increase slowly the limiting size of discharge. This 
happens, but if, for example, the feed rate to an open-circuit mill were 
increased to four times the figure at which it was discharging finished 
product, the new product would not contain the same percentage of 
finished product that the old did at the 25% point of mill length. The 
reason is that the interstitial flow rate through the charge with a given 
ball spacing and pulp head is limited, and that if feed rate exceeds this 
limited transport rate, the charge begins to spread, cushioning increases, 
grinding decreases, circulating load builds up, balls are crowded out, 
and finally the mill refuses new feed or becomes simply a conveyor. 

Nevertheless, increases of 50 to 00% in tonnage of finished product 
have been reported as a result of changing the operation of a given 
mill in fine-grinding service from single pass to closed circuit, and 15 to 
50% increase may be expected in primary grinding. The probable 
causes of the improvement are decrease in cushioning caused by a large 
proportion of finished material in the latter half of an open-circuit mill, 
greater uniformity in size of the interstitial material so that more 
particles are loaded in a given approach of two tumbling-body faces, and, 
probably, a track-sanding effect of the high proportion of near-finished 
material in the mill, which has the double result of facilitating nip of 
the coarser material and at the same time grinding the sand. 

The prevailing factor in determining the character of a grinding circuit 
in an ore mill is the behavior of the ground product in the subsequent 
treatment. Size reduction as such is unimportant except as a correlated 
indicator of liberation, but mineral-size distribution is of major im¬ 
portance. 

The character of the pulp from the circuit is determined primarily by 
the placing and operation of the guard classifier. This is true not only 
because the classifier groups the minerals in the overflow on a combina¬ 
tion size-specific gravity basis, but also because the character of the 
sand sent back has an effect on the behavior of the tumbling media. 

Various circuit arrangements are employed. Plants of less than 
1,000-t.p.d. capacity tend toward the simple one-stage circuit: 
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with feeds which may be as coarse as 1^-in. limiting, but are pre¬ 
ponderantly 34- to %-in. limiting. The reasons for this are that 
grinding efficiency, measured as tons of desired size produced per 
horsepower-hour, averages nearly twice as high with 8-ft. or larger mills 
as with 5- to 6-ft., and that one crushing stage can usually be saved by 
feeding at 24-in. limiting. Hence both first cost and operating cost are 
lowered by this circuit, using a large-diameter mill. 

The flowsheet: 



O' 


is rarely used. It tends to yield mill pulps that will not stick to the 
balls and quick-settling classifier pulps that make for overgrinding. 
Practically its only excuse is with a sticky feed hard to get into a mill. 

Just as consistently as single-stage circuits are used in low-tonnage 
mills, two stages are used in high-tonnage mills. The economies are 
20 to 30% on steel consumption owing to the slower mill speeds possible 
and 10 to lo% increase in capacity (or decrease in power consumption). 
Copper ores with clean (nonslimy) gangues tend toward the arrangement: 


O 


© 


with the two overflows joined for flotation feed. The first mill may be 
either a rod or a ball mill, the latter predominating in older flowsheets 
the former in recent ones. If slime harmful to flotation is present in the 
feed, some variant of the arrangement: 


2 

© 


4 

©^ 


is usual. The two classifier overflows may be treated separately or 
joined. J 

When valuable mineral that slimes readily, as galena, or when metallic 
gold .s present, it is customary to put concentrators in the circuit, and 
lead circuits commonly start with a classifier. Thus: 


2 

© 


5 

© " 


in which fine galena freed in crushing is removed in I and sent directly 
to flotation, and coarser galena and/or precious metal is taken off |>v 3 
thus preventing overgrind. * ’ 
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Three-stage circuits are unusual but are used when dissemination is 
exceptionally fine. One such flowsheet follows: 



in which stage classification insures that no free galena of a size that can 
leave the circuit enters other than the primary mill. If a bowl classifier 
preceded the primary, even the one exposure of free fine galena would 
have been avoided, but at some expense of efficiency in the subsequent 
grinding and classification owing to absence of slime. 

Design of a tumbling mill for a given service involves a number of 
steps performed more or less in the following sequence. 

1. Estimation of the total power necessary for the specified size 
reduction and tonnage rate. 

2. Determination of the kind of tumbling body and minimum shell 
diameter from an experience correlation of these factors with limiting- 
particle size of the specified feed. 

3. Determination of the tonnages of tumbling bodies of one or more 
kinds (depending upon the stages indicated in item 2) that will be 
required to draw the required power. 

4. Determination of the weight of tumbling bodies per foot of length 
inside liners with the mill charged to a concurrently decided proportion 
of mill volume. 

5. Determination on the basis of items 3 and 4 of the total length of 
each type of mill. 

0. Decision as to length/diameter shell ratios, from which, with item 5, 
the number of mills of each type may be calculated. 

Item 1 is determined by a grindability test of the ore in question taken 
with performance figures of commercial operations on other ores yielding 
a similar grindability index. Many grindability tests have been pro¬ 
posed. All except actual pilot-plant operations involve grinding in small 
models under conditions simulating, to a certain extent, commercial 
operation. A most comprehensive and useful compilation of the results 
of such testing has issued from the laboratories of Allis-Chalmers in the 
form of papers by Bond ct al. These give the production in grams per 
revolution through a stated mesh produced in a standard 12-in. batch 
test mill with a standard charge of tumbling media, when dry grinding 
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a standard charge of < G-mesh feed produced by closed-circuit roll 
crushing. 1 he data cover a wide variety of minerals and ores, many of 
the latter from plants for which typical performance data are available. 
Hence, by search of the grindability data for ores of similar mineralogieal 
character and grindability index to those of the ore in question, and 
determination of grinding performances at the corresponding plants, the 
horsepower-hours per ton and hence 
the power draft for the planned in¬ 
stallation may be determined. 

Item 2 is generally determinate 
as to kind of tumbling body from 
data concerning feed sizes for rod 
and ball mills given in this chapter. 

If, however, the daily tonnage pro¬ 
jected is so small that only one mill 
is justified, it will be a ball mill for 
flotation or slime cyanide work, or a 
rod mill for table or sand-slime cya¬ 
nide treatment. The diameter of a 
ball mill for coarse feeds and its op¬ 
erating speed will need to be larger 
than for a rod mill. The field of 
available performance data cover¬ 
ing special single-mill design is 
greatly narrowed, and correspond¬ 
ingly greater trust must be placed in the mill manufacturer. He should, 
therefore, be selected on the basis of established reliability rather than 
on a competitive-price basis. 

Item 3 is determinate from Eq. 21 or its ball-mill counterpart or from 
Fig. 13. In using the latter, bear in mind that the curves portray 
averages, and adjust the readings in light of Eq. 21. 

items 4 and 5 are simple arithmetic, summarized in the equation 



2 3* 5 6 7 Q Q IO II 12 

Nominal diameter of mill, ft. ( D) 

Fig. 13. Power consumption in tum¬ 
bling mills. 



4 G„T X 


7rG , x P*hp. ltoIlf „ J ]F„ 1 SW 2 


(28) 


in which L is required length in feet; C, is grindability in a unit of such 
dimensions that the numerical value increases with ease of grinding, 
e.g., weight ground per unit of time or per unit of energy input under 
comparable conditions; 7’ is the desired hourly tonnage; I* is produc¬ 
tion in tons per horsepower-hour; hp. is horsepower; W is weight in 
tons per cubic foot of struck volume; Q is the decimal fraction of mill 
cross-section occupied by the tumbling charge at rest; d is mill diameter 
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inside liner in feet; and subscripts s, x, and m denote standard ore, the 
ore in question, and the tumbling charge, respectively. 

Garms pointed out that the circuit throughput in closed-circuit 
grinding of southwestern United States porphyry ores to flotation size 
(averaging 48-mesh limiting) ranges between 0.60 and 0.70 t.p.h. per 
kw-hr. of energy input to the mills, irrespective of the number of stages, 
arrangements of mills and classifiers, or the type of tumbling mill. This 
observation is of marked value in that it enables estimation of the sand 
return to be expected from classifiers and of the capacities required for 
other equipment in the circuit. Investigation of circuits with a greater 
range in character of ores shows that the Garms ratio for ores not rated 
exceptionally hard or soft the average for 82 ball mills in plants including 
the porphyries, taking feeds ranging between 2^-in. and ^-in. limiting 
size, grinding in closed circuit to any mesh from 20 to 65 inclusive, the 
average throughput is 0.50 t.p.h. per kw-hr. It rises with soft ores to 
an average of 1.1 t.p.h. per kw-hr. owing to high initial feed rates and is 
about 0.2 higher for 48- and 65-mesh product and 0.2 lower for 28- and 
35-mesh product. With exceptionally hard ores it falls to about 0.40 
and, in 10 mills grinding such ores for which data are available, is 
independent of the finishing mesh. The average rises to about 0.6 
for fine feeds (C^g-in.) when grinding to flotation size and to about 1.0 
when grinding to 10- or 20-mesh. This is owing largely to higher initial 
feed rates. It rises to about 0.55 for coarse feeds in the product range 
of 20- to 65-mesh limiting, owing to larger circulating loads, but falls 
to about 0.35 for 6- to 10-mesh products owing to lowered initial feed 
rates. 

The significance of the uniformities noted would seem to be that 
whether mill-feed rates are regulated by sound, power draft, pulp 
temperature, appearance and bulk of sand return, or operator intuition, 
they work out to a reasonably good optimum for the conditions pre¬ 
vailing. This corresponds to the maintenance of a pulp cover of 
suitable thickness at all points within the mill at which relative move¬ 
ment of grinding surfaces is taking place. The thickness of this 
interstitial stream is greater with coarse than with fine feed and product, 
but its mobility and, therefore, forward movement are less with coarse 
material. The power input per ton of balls is relatively constant for 
optimum grinding in mills of nearly the same diameter. A mill of 
larger diameter will, of course, draw more power per ton of balls than a 
small one, but it at the same t ime affords increased cross-section of pulp 
stream. Hence throughput increases with power input, but not, in 
this case, because of it. When increased power input per ton of balls 
is attained by increasing mill speed, there is a corresponding gain in 
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grinding, whereupon, if product size is maintained constant, feed rate 
and consequently throughput rate are increased. Again throughput 
increases with power input, this time because of it. 

Costs of wet grinding to flotation size averaged 15 to 20^ per ton in 
the 1930’s with a range of 10 to 40<*. The lower figures corresponded 
to 35- to 48-mesh limiting size and the higher to 65-mesh limiting. 
Grinding the same ores to 100-mesh limiting will normally double the 
cost, and for 200-mesh limiting the cost will nearly double again. 


Dry grinding is rare in concentrating-mill practice, but is common 
in nonmetallic mineral beneficiation. The usual mills employed are 
tumbling mills, roller mills, and impact mills for coarser products 
and gas or jet mills for ultra- 
fine work. 

The basic mechanical prin¬ 
ciple employed in dry tumbling 
milling is the same as in wet, 
but the dry mill lacks the aid 
of water in maintaining solid 
in the grinding zone (by coat¬ 
ing the balls), in transport of 
pulp through the mill, and in 
selective return of unground 
material into the grinding zone 
by sedimentation over the toe. 

Closed circuits (through air 
classifiers; Chap. 7) are less 
common in dry than in wet 
grinding, but their use is in¬ 
creasing. Capacities in dry 
grinding per unit of mill vol¬ 
ume or unit weight of tumbling charge are less than in wet grinding, 
but power consumption is also less and steel consumption markedly 
less—to the extent that, if the product is used in the dry state, dry 
grinding is often cheaper overall. 

Hammer mills for dry grinding are the same in principle as the 
machines used for intermediate crushing, but they must be run in closed 
circuit with an external air classifier or screen. 

Roller mills, with or without an air classifier built in, are used for most 
miscellaneous dry grinding producing material in the fine intermediate 
range. Such mills (Fig. 14) consist essentially of top-pivoted rollers 
c.g., d, hung from a yoke on a vertical spindle and driven at such a 



1'iG. 14. A typical roller-type dry-grinding 


null. 
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speed that in rotating about a circular track in bowl a they exert suffi¬ 
cient force to crush and grind. Feed introduced at e falls into a. 
Fan j, taking suction on housing g, draws gas (air, flue gas, etc.) through 
/ to flush ground material out of a and lift it into g. Here it is classified 
either by simple gravitational settling or by centrifugation. Finished 
material passes on through the fan and is sent to a cyclone or, in powder¬ 
ing fuel, to the burner. 

The ball-race mill (Fig. 15) substitutes heavy balls A for rollers. 
These are pushed around in a conformed race by lower race-segment B, 

mounted on table C driven by spindle 
D through bevel gearing E. Race pres¬ 
sure is the resultant of centrifugal force, 
the weight of the upper race, and spring 
pressure applied through H. Classifica¬ 
tion occurs in the upper housing by cen¬ 
trifugation induced by fan I. Feed enters 
through K and thence to the interior of 
the race, and product passes outwardly 
through the race, owing to the swirl. 

Gas or jet mills consist of enclosed 
chambers of relatively small cross-section 
in which gas at substantially atmos¬ 
pheric pressure is circulated at high 
speed, normally 400 to 700 f.p.s. The earliest form is the Micron- 
izer, shown in Fig. 16. It comprises the squat cylinder a, normally 
12- to 36-in. diam., and 1 to 4 in. high, into which feed is blown 
as through openings b from the annular channel fed by injector i from 
hopper c. Gas (air, superheated steam, etc.) at pressures usually 
about 100 p.s.i.g. is introduced through jets d from header e, the jets 
being directed with a large tangential component as indicated by lines j 
so as to produce a high-velocity whirl. Solid caught up by the whirl 
is classified centrifugally, the coarser fraction going to the cylinder wall 
and being swept around at high speed by the whirling gas. The 
individual particles at the wall spin owing to the couples throughout 
the mass resulting from sweep of gas at the inner surface and the 
frictional drag of the stationary wall at the outer surface thereof. 
As a result active attrition occurs. Also as the mass passes over the 
jets, where the entering gas has sonic-velocity, a continuous shotgun- 
like spraying occurs, producing particle-particle impacts of shattering 
force. When particles are sufficiently reduced in size to be maintained 
in suspension, they are carried by the inflowing gas spiral into collector 
/ where, owing to the reduced diameter of the whirl and the correspond- 





Fig. 15. A ball-race dry-grind¬ 
ing mill. 
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ing increased centrifugal force, they are largely deposited on the walls 
and slide down to a collector at the bottom. Excess air, with the finest 
dust in suspension, flows up 


the center of / (see Chap. 7) 
and discharges through g. 

Other forms consist of 
pipes 3- to 6-in. diam., bent 
to circular or oval shapes, 
with discharge through a 
continuous or limited slot on 
the inner periphery. The 
principle, both as to grind¬ 
ing and as to concurrent 
classification, is the same. 

This is the only grinding 
device that will discharge a 
5 -m or smaller finished size 



continuously. Power con¬ 
sumption is high, but other 
operating costs are low, so 
that for making ultrafine 
mineral products such as 
insecticides, pigments, and 
face powders, the operation 
is cheaper than batch grind¬ 
ing in tumbling mills with 
subsequent air classification. 

It should have occurred 
to a thoughtful student, 
after study of the various 
apparatus used for size re¬ 
duction, t hat t liese machines 



differ not only in the size- Fig. 1G. 
reduction ranges to which 


Micronizer for ultrafine dry grinding. 


they are applicable, but also in the way in which they load the particles 
and move them through and out of their working zones. Comparison 
of the various size-distribution curves of the products shows that, when 
they are reduced to a common denominator that eliminates differences 
in limiting size, they vary in concavity over a considerable range. This 
difference in curve shape reflects, of course, a difference in distribution of 
material as between t he coarse and fine ends of the range. This differ- 
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ence correlates, to a certain extent, at least, with the reduction mech¬ 
anisms, wherefrom certain useful generalizations are possible. 

Figure 17 brings a number of distribution curves together on one plot. 

Slow-speed, open-circuit, free-crushing roUs, for which the product curve is least 
concave, crush primarily by a slow squeeze. Their feed is coarse. Particles are 
seized with their least dimension in a plane perpendicular to the roll shafts, which, 



Fig. 17. Characteristic size-distribution curves for products of various types of 

size reducers. 

since most rocks fracture more or less conchoidally, results in particle loading as in 
a beam. The particle that is broken is not normally seized unless it is of such size 
that its fragments will have thicknesses less than the roll set. Gravity and the 
drag of the roll faces coact to remove product from the breaking zone. In summary, 
loading is slow, breaking is by beam failure, and egress is free and aided mechanically. 

The cageless hammer mill loads suddenly—so suddenly as to produce embrittle¬ 
ment of the particle. Failure is probably to a large extent, akin to splitting. With¬ 
out the cage, abrasive action (shear) is small. Discharge is unhindered under the 
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action of gravity. If a cage is used the concavity of the product curve increases 
markedly. The correlative changes in crushing conditions arc the hindrance to 
egress, and the intense abrasion set up by the sweep of the hammers over and through 
the mass of material held by the cage. If, instead of a cage, the hammer circle is 
surrounded by a nonperforate cylinder, from which finished material is swept out 
horizontally by a swirling air current, as is the case in hammer mills used for dry 
grinding, hindrance to egress is again increased and the product curve shows yet 
greater concavity. 

In the standard cone crusher, particles are loaded primarily as beams for the same 
reason that they are in rolls. Loading is relatively rapid. Egress is comparatively 
free on account of the large throw. Gravitational egress is hindered by the obtuse¬ 
ness of the cone-apex angle, but this hindrance is largely neutralized by the mechanical 
transporting action of the breaking head on finished particles. 

The curve for the short-head cone is more concave. Correlatively—and not 
improbably correspondingly—throw is less; particle momentum is less both as to 
//i and v y so that the aid of the breaking head to discharge is reduced; and a greater 
proportion of particles is loaded as short columns, with consequent failure by shear 
rather than by tension as in beam loading. 

In the primary gyratory (as in the jaw crusher) loading is relatively slow. Both 
beam and short-column loading are present. Discharge is by gravity and is definitely 
hindered by the downward convergence of the breaking surfaces. 

In tumbling mills loading is, on the whole, slow except for the impact breaking 
of the coarsest feed particles. Much of the breaking is by short-column loading of 
particles nipped between revolving balls or rods, but there is also a tremendous 
amount of rubbing and rolling of particles between the tumbling bodies under 
pressures insufficient to produce through breaks. This results in surface shear. 
Egress is hindered by some type of clam in all cases, more so in overflow mills than 
in grate mills; it is aided by water in wet grinding, but the aid is not great, owing to 
the relatively high pulp dens it ies and relatively low fall from feed to discharge. 

The curve for rod mills is less concave than that for ball mills, and that for 
overflow ball mills more concave than that for grate* mills. See Fig. 11. 


There is no conclusive correlation between curve concavity and speed 
of application of load. There is some indication that beam failure 
produces less fines than short-column failure, and curvature confirms 
common experience that rubbing shear is a major factor in fines produc¬ 
tion. But the degree of freedom and rapidity of egress from the crushing 
zone stand out as the primary controllers of particle-size distribution in 
fragmental products, since in all cases concavity of the distribution 
curves increases with increasing hindrance to release. 


Average size of a mass of fragmental particles, usually stated as an 
average diameter, is a subject about which there is much talk and no 
positive knowledge. This is to say that no two of the many methods of 
estimating average diameter agree. In fact, it is not possible to state 
the size of a single irregular body by means of a single dimension; such 
possibility exists only for regular polyhodra and their limit, the sphere. 
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B ut people who deal as a business with irregular particles of visibly 
different sizes, and who have found that particle behaviors differ in 
important particulars with size, must have a numerical relative measure 
to express this important characteristic. The measure commonly 
chosen differs according to the visible size range and the concomitant 
method of size separation. Thus run-of-mine rock is normally sepa¬ 
rated on a grizzly whereon particle thickness determines passage, 
wherefore particle size in this range is commonly stated in terms of 
limiting thickness. Most size separations through the range of ore-mill 
operations are at limiting sizes for which square-mesh (or round-hole) 
screens are available. Such screens pass or reject particles on the basis 
of particle width, so that this is the dimension denoted by statements of 
partide size in this range. In the subsieve range, size separations are 
effected by sedimentation in fluids, in which operation the fluid proper¬ 
ties, the mass and shape of the particle, and the proximity of other 
particles are all factors. Size estimation here involves similar sedi¬ 
mentation under carefully controlled conditions, with successive sedi¬ 
ments assigned “diameters” from established correlations between 
sedimentation conditions and microscopic measurement, or calculated 
from the experimental sphere curve (Chap. 5). Other methods of size 
estimation in this range involve measurement of gas adsorption, or of 
resistance to fluid percolation, or of light dispersion. These methods 
depend directly or indirectly upon the extent of surface in the frag¬ 
mental mass, and results are normally stated in terms of surface per unit 
weight of material, but are frequently translated into “average diameter” 
on the basis of correlation with microscopic measurement. 

The microscope, however, can do no more than give a large number of 
different measurements of widths and lengths (thickness measurements 
being gross approximations) for any given fraction, from which an 
average width, or an average of some composite of width and length, is 
determined arithmetically. It is not, therefore, to be attributed with 
accuracy simply because of the name microscopic. 

It t his showing with respect to individual particles is insufficient to 
undermine the student’s respect for statements of particle size, study of 
Table 2 should do it. Therein values of d aver calculated by use of thirteen 
different mean equations show a range of 2.3 to 48 n. No two are alike. 

1 wclve are certainly wrong. The chances are against the correctness 
ot the thirteenth, it anyone can determine which the thirteenth is. 

Fortunately, although certain aspects of flotation and of ultrafine 
grinding would undoubtedly be advanced by the knowledge that could 
he gained from accurate determination of particle size, practical mill 
operation is sufficiently served by the methods presently available, of 



Table 2. Average Diameter 
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which the testing sieve, the microscope, and the air elutriator are the 
most important. Tests carefully and consistently performed by any 
of these methods give results that are reproducible within limits that are 
as close as the control of the processes that produced the samples, 
whence correlation of process with indicated size or size distribution is 
sound experimentally. 

Review questions 

1. Define: bucking board; muller; buhr mill; tumbling mill; critical speed; 
avalanching; breast and toe as applied to a tumbling mill; trunnion-overflow mill; 
conical mill; grate ball mill; open-end mill; tube mill; compartment mill; electric 
ear; roller mill; ball-race mill; Micronizer. 

2. Analyze the crushing and grinding actions on a bucking board; in a buhr mill; 
in a tumbling mill. 

3. Show that at a given r.p.m. of a tumbling mill the centrifugal effect is propor¬ 
tional to mill diameter. 

4. Develop the equation for critical speed of a tumbling mill. How does critical 
speed vary with the weight of the tumbling body? 

5. As between breast and toe, where will the force of impact of a falling ball be 
the greater? 

6. As between avalanching and free fall on the downcoming side of a tumbling 
load, which produces the greater amount of <200-mesh material? Argue your 
answer. 

7. IIow is feed spread through the load in the usual tumbling mill? 

8. Name and describe generally the principal structural elements of a tumbling 
mill. 

9. Describe the usual method of feeding a tumbling mill. 

10. What effect on ball action has the discharge-end cone of a conical ball mill? 
On pulp action? 

11. What is the function of the grate in a grate ball mill? 

12. Explain the two functions of tumbling-mill liners. 

13. Correlate common liner types with the action of tumbling bodies. 

14. Describe the usual forms of tumbling-mill shell liners. 

15. What features of a rod mill justify characterizing it a fine crusher? 

1(3. What are the ordinary feed sizes for (a) rod and (5) ball mills? 

17. What is the general order of magnitude of power draft per ton of rods? Of 
balls? 

18. What desiderata govern pulp density in tumbling mills? 

19. What is the general order of limiting reduction ratios in tumbling mills? 

20. Why is the power draft of a tumbling mill available as an operating control? 
What other controls are used? 

21. What is the usual unit employed to denote grinding efficiency? 

22. In what part of a single-pass grinding mill is the bulk of the finished product 

made? 

23. Argue from Fig. 12 the economic utility of closed-circuit grinding. 

24. Which order of flow (normal or reverse) preponderates in one-stage grinding 

circuits? 

25. What considerations determine flow order in two- and three-stage circuits. 

26. Give the general order of cost of grinding. 
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27. Compare dry and wet grinding in tumbling mills. 

28. Describe the grinding mechanism in the Micronizer mill. 

29. Name the operating factors that affect the capacity of a tumbling mill. State 
the direction of the effect for each. 

f 30. Check the calculation on page 391 for theoretical radial velocity of particles 
in a buhr mill. 

t 31. Check, by analysis of the mechanics of the system, the statement that, with 
ribbed liners with valleys that are wide relative to the diameters of the tumbling 
bodies, wear concentrates in the valleys and vice versa. 

t 32. Calculate values of Er by Kq. 27 for half-a-dozen tumbling mills for which 
the required performance data are available. 

t 33. Calculate and compare the Garins ratios for a number of tumbling mills in 
porphyry copper plants for which suitable data are available, and compare circulating 
loads arrived at by using these ratios with (a) those reported in the performance 
data; and (fc) those calculable from reports on the corresponding classifiers. 

f 34. Calculate the force with which a 100-inesh quartz particle, traveling around 
the periphery of a 16-in. Micronizer of the form shown in Fig. 16 under the impulse 
of a whirling air stream having a peripheral velocity of GOO f.p.s., presses against the 
wall. What is the magnitude of the frictional component of this force? How does 
it compare with the drag of the gas on the particle? Explain. 

t 35. Using the method described on page 422, estimate the number and size of 
ball mills required to grind 5,000 t.p.d. of a porphyry ore to flotation-feed size from 
^-in. limiting. Argue whether to use one- or two-stage grinding. 
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Chapter 23 

TRANSPORT AND CONTROLS 

Every ore-dressing operation has as its aim to so treat a crude as to 
make products which, in their sum, are more valuable than the crude. 
The added value that accrues owing to the treatment may flow from 
enhanced purity, from change in particle size or size distribution, or, less 
frequently, from change in shape. Whatever the change in quality, 
however, that enhances the value, effective control of the operation 
requires before-and-after knowledge of significant quality values. 
Such knowledge comes from samples. 

All other things being equal, the performance of any given continuous 
ore-dressing machine is a function of its feed rate. Hence flow control 
is essential for effective quality control. 

Energy, whether manufactured by the user or purchased, is 
normally cheaper per unit the more units used. But if the energy plant 
is subject to a fluctuating draft, it must maintain energy sources in 
instant reserve to satisfy peak demands. To compensate for the addi¬ 
tional cost thus entailed, sellers customarily charge users over a settle¬ 
ment period on the basis of the peak draft during the period, and cus¬ 
tomarily also offer lower peak rates to large commercial users during the 
times of day when overall draft on the power plant is a minimum. 
Hence control of rate of energy draft may be an important element in 
plant costs. 

Unexpected shut-downs are a bugbear for their interference with pro¬ 
duction, their disturbance of operating efficiency, and the nonproductive 
labor cost that they entail. Hence effective control involves reducing 
them to a minimum. 

Most continuous ore-dressing apparatus have a relatively narrow feed- 
rate band within which they perform at an optimum of quality produc¬ 
tion or power consumption. This is particularly true of machines in 
which discharge of one or more products is by overflow. Such machines 
require either close attention by more or less skilled operators, which is 
expensive, or instrument control, which is always cheaper, and, with 
well-designed instruments, more effective. 

The flow of material from machine to machine in ore-dressing mills 
is maintained by means that differ according to particle size, moisture 
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content, and available gravitational fall. In general, gravitational flow 
in inclined troughs—called chutes for dry material and launders for 
wet—is employed when sufficient fall is available. 

The necessary slopes for chutes range from about 35 to 55° according 
to the abrasiveness of the material, its limiting size and size range, its 
moisture content, and the nature of the surface of the chute along which 
sliding occurs. Actual minimum sliding angles for given chute shapes 
and inner surfaces can be determined only by trial with the material in 
question, but unless the material contains a large proportion of fines and 
moisture in the range of 7 to 15%, a slope of 45° is sufficient, irrespective 
of the character of the inner surface, and is probably the most common 
slope employed. Sliding velocity is, of course, proportional to the slope 
and the coefficient of friction, but is, in general, not calculable with any 
degree of accuracy. Rather it must be determined by trial, if it is to be 
used for designing chute cross-section. Usual design procedure is to 
estimate velocities from known operating chutes and to proportion 
cross-section accordingly with a factor of safety of about 100% allowed 
in depth under the guise of splash room. 

Launders flow material on much flatter slopes than chutes owing to 
both the lubricating and carrying powers of the water present. Slopes 
range, in general, from to G i.p.f. according to particle size and water 
content, the necessary slope increasing with increase in coarseness and 
decrease in water. Maximum flow rate is attained when the wetted 
perimeter is a minimum for the stream cross-section. As with chutes, 
design is usually based on existing launders, with a generous safety 
factor. 


Chutes and launders are probably the most frequent causes of flow 
disturbance, owing to clogging. For this reason they should always be 
designed with ample slope. 

Gravitational transport is not amenable to flow control, except that 
in chutes with variable slope velocity is regulable within small limits, 
and that in chutes on a fixed low slope flow is readily stopped without 
overflow by placing an obstructing wall across the streams. 


Transport of dry material, when available fall is insufficient for 
gravitational flow or when flow control is desired, is effected by means of 
so-called conveyors. These are endless flexible bands running around 
head and tail wheels and suitably supported in between. The com¬ 
monest form is the belt conveyor, so named because the band is a belt 
specially strengthened and rubber-coated for heavy tension and hard 
surface wear. The usual belt (Fig. 1 ) comprises a fabric core made up 
of multiple layers ("plies) of canvas sheeting bonded together by rubber 
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to make a unit tension band (carcass), and covered completely with a 
rubber layer that is up to %-in. thickness on the carrying side, usually 
to Ke in- thick on the under or drive side, and reinforced and heavily 
covered at the edges. This cover is to protect the inner body from wear, 
grit, and moisture. Belts for extra-heavy service are made of nylon 
cord and some have been reinforced with steel cable. They can be 
made endless by field joining, covering, and vulcanizing. This is 



Carrying cover 
► Canvas carcass 
> Drive-side cover 


Cord and 
Canvas carcass 

B 

Fig. 1. Cross-sections of conveyor belting. 

desirable since failure normally is due to internal break-up of the carcass 
owing to entry of grit and moisture through breaks in the rubber cover. 

Various arrangements of belt conveyors are shown in Fig. 2. Item A 
is the simplest arrangement, with feed through box A near the tail 
pulley and discharge over the head pulley at the other end. Item B 
shows a traveling feeder B. Item C shows a number of fixed feeders 
C, and a group of pulleys D for changing direction of belt travel in a 
vertical plane (change in horizontal direction is not possible). Box E 
is a transfer box for material, it being necessary to unload the belt in 
order that the carrying side may be bent around the second of the upper- 
run turn pulleys. Item D shows a turn effected without turn pulleys. 
This is easier on the belt than the reverse turn in item C, but such 
turns must be made on a long radius, and even so the upper run is likely 
to lift when the belt is lightly loaded. Item E shows a traveling un¬ 
loader (tripper) which is commonly used for spreading material in long 
piles, or distributing in long bins, or for placing different kinds of 
materials at different points along the run. Its essential elements are 
two pulleys arranged like the left-hand two in group D, item C, with a 
gable-shaped chute placed between to divert the stream discharging 
over the upper so that it dumps clear on the two sides of the continuing 
run of the conveyor beyond. Traveling trippers are mounted on a car 
that straddles the belt and runs on tracks placed at the sides and below 
the discharging run of the conveyor. It may be run by a sprocket chain 
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from one of the turn pulleys to a car axle, or by an independent motor. 
In the former case a disengaging clutch is provided to permit control 
to the dumping point irrespective of conveyor operation. 



Fig. 2. Arrangements of belt conveyors for different services. 


Item F shows the usual arrangement of a belt elevating to a long bin 
and distributing therealong. Item G is for downhill transfer either 
where slope is insufficient for gravity flow, or for retardation where 
gravity flow would be destructive. 

Slopes for inclined conveyors must be kept below certain critical values 
beyond which material slides or rolls on the transporting surface. The 
critical angles vary with the material carried, but range between 15 and 
20° for materials treated in ore-dressing mills. Speeds normally range 
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from 300 to 600 f.p.m. for horizontal conveyors, the higher values cor¬ 
responding to wider belts and finer materials. The limitation is imposed 
by the difficulty in getting material to come to rest on the belt before it 
rolls off the edge. Since it is more difficult to do this on a sloping than 
on a horizontal belt, speed is normally reduced by a percentage factor 
equal to about 1.7 times the slope in degrees. 

The belt is supported on the carrying run by troughing idlers of the 
form shown in item A, Fig. 3. The 3-pulley form is used for narrow 
belts (14 to 30 in.) and the 5-pulley for wide belts (up to 72 in.). They 



are spaced at 3- to 5-ft. inter¬ 
vals along the run according to 
the load. The return run is 
carried on straight idlers (item 
B), usually spaced 6 to 10 ft. 
Modern idlers are ball- or roller¬ 
bearing with sealed-in lubrica¬ 
tion designed to outlast the pul¬ 
leys. Since power consumption 
for a horizontal belt is largely 
due to friction, attention to the 


Fig. 3. Idlers for belt conveyors. 


design and lubrication of idlers 


is important. 

1 he capacity of a belt conveyor is a function of speed and the cross- 
section of the belt load. The load may be brought closer to the edge 
the smaller the limiting size of the material and the slower the belt 


speed. The general form of the capacity equation is 


V = KW 2 (1) 

where V is cubic feet per hour at a speed of 100 f.p.m., W is the belt 
width in inches, and K has an average value of 3.5. Most belts in 
dressing plants are oversize on account of the necessity to provide for 
peak loads in crushing plants, which are their usual locale. 

The power required to operate a horizontal belt conveyor is that 
necessary to accelerate the load, to overcome bearing friction, and to 
effect the internal working of the load as it alternately rises and falls in 
the region of the troughing idlers. For inclined conveyors the work 
expended or gained in the lift or drop of the load must be considered. 
Sufficient data are not available for analytic development of a power 
equation. Dependable capacity and power charts are given in manu¬ 
facturers’ catalogues. A rough average for 20 horizontal loaded con¬ 
veyors ranging in length from 50 to 500 ft. is 0.025 hp-hr. per ton per 
100 ft. The range is 0.01 to 0.06, the higher figures corresponding to the 
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shorter conveyors. For lift on inclined conveyors add 777/990, where 
T is the hourly tonnage and II is lift in feet. 

Extra-heavy loads of coarse material are normally moved over 
relatively short distances (say, less than 100 ft.) by pan and apron 
conveyors (Fig. 4). These are essentially shallow, narrow, elongated 
pans A (item A) of various shapes, attached to endless sprocket chains 



Fi<J. 4. Pan and apron conveyor. 


H along their ends in such a way that the bottoms overlap and so 
prevent leakage when the pans arc on the carrying run, and can articu¬ 
late in passing over the sprockets at the end. The integral ends of the 
articulated units characterize the pan conveyor. In the apron conveyor 
the carrying surface consists of flat plates curved along the long edges 
to permit articulation as shown in item Ik They have no integral end 
walls but are provided with skirt boards to prevent side spill. For 
heavy service such as receiving dumps of run-of-mine material they are 
made of manganese-steel castings or of heavy sheet steel to which hard¬ 
wood liners are bolted. Widths range from J .5 to 8 ft. Normal speeds 
are under 50 f.p.rn. Slopes may be somewhat higher than for belt con- 


vovors owing 
lion per ton 


to unevenness 
carried is muc 


of the carrying surface. Power consump- 
h higher than tor belt conveyors owing to 
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the greater number of parts in frictional contact, the greater bearing 
pressures, and the less efficient bearings, but the resistance to shock 
loading and the ability to drag heavy loads confined by walls, from 

beneath superincumbent ma¬ 
terial, if necessary, gives these 
conveyors a unique field for 
coarse-material transport. 

By mounting buckets on 
belts or sprocket chains as in 
Fig. 5 the continuous band may 
be made to elevate at angles be¬ 
tween 60 and 90° from the hori¬ 
zontal, constituting a bucket 
elevator. Standard bucket 
sizes for belts normally range 
between 4 and 24 in. long, 3 to 
15 in. deep parallel to the car¬ 
rying band, with a lip projec¬ 
tion of 3 to 10 in. The plane 
of the opening is inclined from 
45 to 65° to the back. Corre¬ 
sponding nominal bucket vol¬ 
umes range from 16 to 1,200 
cu. in., but buckets rarely fill to 
more than half-volume. They 
are arranged either substan¬ 
tially touching (continuous- 
bucket) or spaced (centrifugal- 
discharge). Speeds are about 
100 f.p.m. for the former type; 
for the latter the speed should 
be such that the direction of 
the resultant of centrifugal and 
gravitational forces on the load 
at the head pulley or sprocket 
will cause the discharge to fall clear of the mechanism and enter the 
discharge box with minimum spill. Feed for material coarser than 
in. is through a spout directed at the second or third bucket up on 
the rising side to give the following buckets opportunity to catch 
spill; finer material may be fed into a box surrounding the bottom wheel 
(the boot). The entire structure is normally housed to confine dust or 
splash as the ease may be. 



Fig. 5. Chain-bucket elevator. 
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Bucket elevators are rarely used in modern dressing plants. Diffi¬ 
culties in loading and discharging are so great that elevation of dry 
material is normally effected by a vertical zigzag of belt conveyors 
except in small-tonnage plants; wet sands and the finer wet gravel 
sizes are elevated by pumps. 

Band conveyors used solely for transport are normally run at constant 
speed and are, consequently, not available as flow controllers. But 
short bands mounted to receive from a bin or from cars or skips con¬ 
stitute the commonest form of flow controller for dry material. Usual 
procedure is to fit them with a variable-speed drive which is varied either 
manually or automatically in response to some signal from the machine 
or machines to which they deliver. When used as feeders to primary 
breakers, they normally have a constant-speed drive at a speed in excess 
of crusher capacity and are operated on a push-button start-stop by the 


crusher tender. IIis station may be placed so that the secondary 
crushers are visible to him, or he is otherwise warned of overloads below. 
He is thus able to control flow through the entire crushing plant. 

Sand pumps are commonly used to transport wet material when 
gravity fall is not available. Material of any size up to 10- or 12-in. 
boulders can be handled by centrifugal pumps, given enough water, but 
mill pulps coarser than Ui in. arc rarely pumped. The features that 
are essential to satisfactory operation of a pump for pulps, in addition 
to the ability to move the material, are high wear resistance and/or 
easy replaceability. These become of increasing importance as the size 
and abrasive character of the suspended solid increase. Nonsilieeous 
slime—which normally means nonabrasive pulp—is often handled in 
the smaller mills by cheap cast-iron centrifugal water pumps, which 
cost little, if any, more than the liners for the more expensive special pulp 
pumps. Two common forms of the latter are shown in Fig. (5. The 
Wilfley pump, item A, is characterized by a quick-opening mechanism 
r/, by means of which the shell / can be swung back to permit access to 
enclosed-tvpe impeller c, and for replacement of parts, relining, etc. A 
small radial impeller <!, attached to the drive shaft, is so arranged as to 
set up a back pressure toward the main pump chamber, permitting 
comfortable c learances lx*ween rotating and stationary parts without 
the necessity for pressure water or stuffing boxes. The disadvantage 
of this pump is that no sensible vacuum builds in inlet port a, so that 
feed must enter under sufficient head to carry it into the shell. The 
Hydroseal pump, item B, is characterized by the use of pressure water, 
introduced through ports d at a pressure above that existing in the 
pump chamber, to flush inwardly through the passages c between the 
enclosed-type impeller « and the body b and thus force grit back into 
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the pump chamber. Feed enters axially as indicated by the arrow; 
a vacuum equivalent to about 20 ft. of water can be built in the inlet! 
Rubber lining and impeller covering (indicated by stippling) are 
customary in all sand pumps at present. 

Centrifugal sand pumps with the intake leg sealed to a pulp reservoir 
of variable capacity, e.g., a thickener, can be arranged to adjust speed 
automatically so as to regulate discharge to a predetermined pulp 
density; various other automatic rate controls are available. 



A B 

Fig. 6. The Wilfley (A) and Hydroseal (B) pumps. 


A dry pump is a device for moving finely divided dry material through 
pipes at any angle, just as water is moved. The essence of the method 
is impregnation of the solid with a sufficient amount of air to impart to 
the mixture a degree of fluidity comparable to a mixture of water and 
solid. This is done in the pump. The material must be dry enough 
to form a fluffy mixture with the air. The Fuller-Kinyon dry pump 
(Fig. 7) consists of an aerating chamber 1 wherein compressed air at 
10 to 30 p.s.i.g. introduced through jets 2 mixes with fine solid forced 
in by spiral screw 3 fed through hopper 4. The requisite pressure in 
chamber 1 to permit formation of a mixture of the desired density therein 
is attained by suitable balancing of the pitch and speed of spiral 3, the 
counterweighting of flap 5, and the back pressure on outlet 6. The 
conveying push comes from the spiral and the expansion of the air. 
Material of 20-mesh limiting size can be pumped if it contains upward 
of 50% <48-mesh. Limiting size for short-range feeds is 48 -mesh. 
Conveying possibilities are illustrated by the transport of cement 4,000 
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ft. horizontally and thence vertically over the side of a ship, or by a lift 
of 300 ft. in a run of 750 ft. Capacities range up to 100 t.p.h. through 
pipes up to 8-in. diam. 



Fig. 7. Fullcr-Kinyon dry pump. 


Feeders are the commonest form of flow controller in dressing plants. 
The elements are a surge container and a transporting device of con¬ 
trollable rate. The surge container may be a bin, tank, hopper, or 
simply an open space on the ground; the basic requirement is that 
it have sufficient volume to accommodate all flow excess of its feed 
stream above the discharge flow permitted by the transport element. 


The transporting device 
may be of any form what¬ 
soever with the one limita¬ 
tion that the flow rate 
through or across it is con¬ 
trollable. 

Liquid feeders are used 
principally for flotation re¬ 
agents (see Chap. 18). A 
pump controlling the dis¬ 




charge of a thickener to a 


Fig. 8. Ito.ss chain feeder. 


constant density is essen¬ 


tially a feeder, as is also a pump operating in response to a level con¬ 
troller either on its surge tank or on a tank which it supplies. The 
feeders discussed below are those used for controlling the flow rate of 
solids. They vary in form and construction according to the size of the 
solid particles and the character of the flow desired. 


The Ross chain feeder (Fig. 8) is used for control of flow from the 


large openings in bin walls that are necessary to pass coarse feeds 
without clogging. Heavy chains a hung from a sprocket tumbler b are 
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so spaced as to prevent egress of lump material between them and 
are so heavy that the lateral pressure of large lumps seated on the 
sloping outer face of broken material cannot push them outward to 
release the lumps when the chain is at rest. However, when the tumbler 
is rotated in the direction shown, the down-drag of the inner chain, 



Fig. 9. Apron feeder. 


acting with gravity on the material in contact with it, gives this material 
sufficient help so that it can lift and push out beneath the chain curtain. 
Push-button control by an operator is usually employed. 

Band feeders of belt or apron type (Fig. 9) are the usual forms for 
controlling bin discharge of limiting sizes less than 6 in. They are 

simply short untroughed band conveyors so set 
with respect to a bin or hopper that when they 
arc at rest gravity flow across them is impos¬ 
sible, because of the angle of repose of broken 
material, whereas when in motion they con¬ 
tinually present new area onto which gravity 
flow can occur. They are reinforced by closely 
spaced rollers on the upper run to support the 
band. The setting relative to the supply of 
material depends upon whether belting or ai*tic- 
ulated pans arc used. They may be horizontal 
or inclined. With belt feeders the pressure of 
the column of material in the surge reservoir 
must not come onto the belt; hence the feeder 
must be set out from under the bottom as shown 
in Fig. 10. The head pulley must be placed far enough outward so 
that the surface of the broken material, as indicated by the dotted line 
and determined by the angle of repose, does not reach the vertical axial 



Fig. 10. Belt feeder. 
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plane of the pulley when gate g is at its maximum opening. Usually a 
somewhat greater extension is used as a safety factor against rushes 
and frequently a yet further extension for transport. The apron feeder 
may be and usually is made the bottom of a suitably converged section 
of the bin or hopper, as shown in Fig. 11, since it is not subject to tear¬ 



ing, as the belt is. The forward sprocket is limited as to position, as is 
the head pulley of Fig. 10. Both forms require skirt-boards s to pre¬ 
vent side spill. Apron feeders forming the bottom of troughs with sta¬ 
tionary walls are frequently used to transport from hoppers loaded by 
truck, grab-bucket, and the like. An 
8-ft. apron, as shown in Fig. 12. handles 
lumps up to (» ft. in width, weighing 
more than 2 tons each. 

The volume of material fed over a 
band feeder is a function of its width 
and speed and the height of the open¬ 
ing from the bin or hopper. Hence 
both band speed and the flow charac¬ 
teristics of the material are factors in 
the quantity delivered. The latter 





Fig. 12. Apron feeder forming bot¬ 
tom of a receiving trough. 


varies with particle size and size distribution, with moisture content , with 
the shape and abrasive character of the fragments, and with the head of 
material in the surge reservoir. Since there is normally distinct size 
segregation during bin loading and further segregation in drawing it 
1 ollows that a constant-speed band will not deliver a constant weight 
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per unit of time. When feeding primary crushers, the bands are usually 
on operator push-button control to permit stops for picking waste or to 
prevent overfeeding. For feeding secondary crushers or grinding mills 
they are usually run at one of a number of available constant speeds 
with delivery rate determined by the height of the bin gate (e.g., g in 
Figs. 10 and 11). 

Rotary feeders, of which the roll, drum, or pulley feeder of Fig. 13 is 
typical, are used when floor space is at a premium, or for simplicity, or 
for high capacity at low cost. They are driven at low speed by a ratchet- 



Fig. 13. Roll feeder. Fig. 14. Star feeder. 

and-pawl mechanism a. The roll surface is either plane or transversely 
corrugated. The star feeder (Fig. 14) is used to prevent exit of hot 
gases when feeding a drier or kiln. 

Vibrating feeders and shaking feeders are essentially the same as the 
screens of the same designation (Chap. 3) except that in general they 
have imperforate bottoms. But a vibrating grizzly (Fig. 2, Chap. 3) 
may be a vibrating-grizzly feeder as well. 



Fig. 15. Constant-weight feeder. 


Constant-weight feeders are essentially short band-type conveyors 
suspended from a counterweigh ted scale beam which is, in turn, con¬ 
nected electrically or mechanically with an actuating mechanism that 
varies the cross-section of the stream feeding the band. The latter is 
the simpler form. Its general principle is shown in Fig. 15. Hopper A 
and stand B, which supports the fulcrum on which the balance of the 
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apparatus rests, are independently supported. Belt C, its load, its 
drive motor, any accessory apparatus, and a counterweight D, all 
mounted on a parallel girder frame E, teeter on stand B. When counter¬ 
weight D , slidable longitudinally, is set to the left, the left end of the 
seesaw is depressed anti gate F is raised through the action of the link 
mechanism G, permitting a stream of a given weight to flow and auto¬ 
matically adjusting itself to fluctuations in stream weight by corre¬ 
sponding movement of F . Other settings of D may be made manually 
or in response to a remote control, e.g. an electric ear (Chap. 22). A 
flow recorder, calibrated to plot flow rate in tons per hour, is readily 
added. 


Stream division is practiced in almost all plants owing to decrease in 
capacity of substantially all size-reduction units with decrease in particle 
size and to the fact that separating apparatus normally has less capacity 
per unit than that used for size reduction. The problem presented is 
complicated by the fact that both size and density segregation occur 
among the solids in a flowing stream and that in streams composed of 
water and solids there is segregation of the solids in the water. Diffi¬ 
culties are greater the longer the range of the solids and the larger the 
limiting size. Dry splitting is normally more difficult than wet, although 
probably only because the solids in dry streams are normally the coarser. 

The basic method in all stream division is to flow the stream onto a 
dividing wall or walls the plane of which is perpendicular to the trans¬ 
verse section of the stream. If the stream is dry and flowing in a chute, 
coarse material segregates toward the center, wherefore the only possi¬ 
bility of a split with equal size and size distribution in the fractions is a 
two-way one with the divider at the center of the stream just after it 
leaves the chute. On a t roughed conveyor there is a tendency for coarse 
material to segregate along the edge of the stream, whence again the 
divider must be under the center as the stream falls from the head 
pulley. If more streams of substantially equal composition are wanted, 
they can be had only by similar division of the initial splits. It follows 
thxit Jin odd number of eqmil streams cannot be cut from a flowing 
stream. When an odd number of streams or several streams, odd or 
even, are wanted, the best way to get them is to distribute the material 
in a long trough, e.g., a bin, and then to draw from the sides. The 
material as laid down in the trough is segregated t ransverselv but not 
in general, longitudinally except at the ends. The side draws cut 
transverse sections and hence are substantially alike in size and composi¬ 
tion. Fine dry material may be split into several streams in one opera¬ 
tion as described in the following paragraph. 
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Distributors for fine wet pulp are all essentially devices in which the 
whole stream flows vertically, intermittently, and in order, into a series 
of compartments separated by vertical walls. Figure 16 is typical. 
It comprises a tub A revolvably mounted above a fixed compartmented 
tub B. Pulp is delivered in a single stream at C and flows out through 

D successively to the compartments in B, 
whence it discharges in separate streams 
through pipes E. Sanding up in the bottom 
of A may be obviated by slanting the floor 
toward D, or by coning the bottom down¬ 
ward and multiplying outlets D. It is ap¬ 
parent that the number of streams made and 
their relative tonnages are completely reg¬ 
ulable by the manner of division of B. 

Continuous compositing and mixing of 
streams in predetermined proportions are 
effected by drawing from stationary supplies 
of the ingredients by constant-weight feeders 
delivering to a band conveyor. This is com¬ 
mon practice in selling specification sands 
and gravels for concrete and in mills which 
buy ore of different composition and tenor in 
small lots and composite it for treatment. 

Storage is a method of flow control prac¬ 
ticed for the purpose either of changing 
overall flow rate or of slowing down a given 
stream at a given point in its course in order 
to afford time for some particular treatment. 
In both cases the essential means is increased 
in the cross-section of the stream. 

Bins are essentially large boxes or tanks 
used to change flow rates on dry streams. 

In dressing plants their usual location is between the crushing and 
grinding departments. At most mines delivery of ore from the mine 
takes place during one or two shifts only out of the usual three. The 
mill normally runs 24 hr. per day. It is much easier to handle 
crushed rock through storage than run-of-mine. Hence crushers ate 
normally operated to receive directly from the mine-to-mill transport 
system. The grinding mills, on the other hand, are an essential part of 
the concentrating plant; they are normally run wet, which makes storage 
of their product difficult; and their capacity is low compared to that 


l 




Fig. 16. Elements of a wet- 
pulp distributor. 
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of the crushers, so that to run them on the same tonnage schedule as 
the crushers would involve an unnecessarily large investment in grinding 
equipment. 

Mill bins serve the further purpose of providing a cushion against 
unexpected shut-downs of mine, crushing plant, and concentrating 
plant. Thus by making bin capacity equal to a 72-hr. supply and 
operating it so that it is one-third full at the beginning of the first crush¬ 
ing shift in any given 24-hr. period, the mill has at least a 24-hr. supply 
on hand if either mine or crushing plant shuts down unexpectedly, and 
if the mill unexpectedly shuts down at the end of a daily crushing period, 
there is available space for at least one day’s mine run. 

Small bins (surge bins) are frequently placed before machines like 
rolls or screens which perform best at constant feed rates. They should 
be equipped with level indicators or controllers of some type to insure 
cut-off of feed when they approach overflow level. (See “Level control” 
below.) 

Storage tanks are normally used to afford time-factor for some opera¬ 
tion on wet pulps, such as solution in cyanidation or conditioning in 
flotation. They are ordinarily cylindrical, fitted with agitators to 
maintain uniform suspension, and of such volume up to discharge level 
as to retain pulp at a set flow rate for the desired interval. Flexibility is 
attained by providing a plurality of discharge openings at different 
levels. 


Level control is normally effected by floats in tanks and by semaphore, 
by interruption of light beams directed at selenium cells, or by pressure- 
activated mechanisms in bins. One form of the latter device comprises 
a suitable pressure-resistant flexible diaphragm set into the bin wall, 
with a connecting pin outside to actuate a counterbalanced mercury 
switch. When the bin filling reaches a predetermined level on or above 
the diaphragm, the pressure head pushes diaphragm and connector 
outward and trips the switch. This may give a visual or audible alarm 
or actuate an automatic shut-off on the feed stream. When the level 
subsides the diaphragm returns to normal position and opens the 
mercury switch. 

Quality control in the mill as a whole, or with respect to a single 
operation, comprises the series of measurement steps and their analysis 
that furnish data upon which operating action leading to optimum 
results is founded. These measurements arc of quantity—normally 
stream tonnages, valuable-mineral contents in the streams, particle sizes 
the concentrations and states of various stream constituents, operating 
settings of machines, power and supply consumptions, and labor per- 
formances. 
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In most mills today approximate measures of feed tonnage are derived 
from tallies of the ore cars, with or without track-scale weighings. In 
large mills this figure is normally checked by continuous weighing 
(see p. 454) on the conveyor from crushing plant to mill bin. Samples 
for moisture and value content are usually taken from the stream 
entering the mill bin. The streams leaving the bin are normally 
weighed continuously and sampled regularly for value content and at 
intervals for size distribution. Product streams from concentrators are 
normally sampled to denote machine performance, and they as well as 
classifier overflows may be tested likewise for size. General (i.e., 
combined) tailing is usually sampled for valuable-mineral content. 
Shipping concentrate is sampled for mineral content and moisture 
content. Concentrate cars are normally weighed out. These measure¬ 
ments comprise the data upon which a large part of mill operation is 
founded. 

A single sample corresponds in the magnitude of a given quality to 
the original lot only by chance. Its normal indication is randomly high 
or low. The aim in sampling is to so operate that the deviations fall 
within a given range, for a specified percentage of all cases, and are 
spread on both sides of the truth in such a way that suitable averaging 
will yield a figure that is probably nearer the truth than any single 
sample. 

The important questions to be decided in any sampling problems are: 
(a) the minimum weight of sample that will satisfy specified conditions 
of deviation and assurance on the assumption of perfect sampling 
technique; ( b ) the sampling technique; and (c) the factor applicable 
to item a to compensate for deviation of item b from perfection. 

Much work has been done in recent years on attempts to apply 
probability theory to the problem of proper sample size for a given 
deviation and degree of assurance. Considerable progress has been 
made, but the method so far developed is so involved, time-consuming, 
and uncertain that as a practical matter industry follows empirical 
rules based on experience. In general such rules involve determination 
by experiment of a weight k of a sample of material of limiting size d 
that will give results that deviate on the average from those from other 
samples of weight k from the same lot by no more than the deviation of 
duplicate assays on a given sample do from each other. Then 

W = kd a 

in which W is the required sample weight for any limiting size d of a 
long-range lot, and a has a value ranging from 1.5 to 3 according to the 
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predilection of the engineer for a comfortable safety factor. Values of 
k at 10-mesh limiting size range from 1 lb. to 1 ton, the lower figure 
corresponding to highly uniform low-grade 
ores and the upper to extremely spotty 
ores containing valuable material of high 
unit value. 

The basic principle of all sampling 
methods is to cut a sufficient number of 
equally spaced transverse segments from 
a running stream of the material to main¬ 
tain the desired proportion of sample 
weight to lot weight. Thus to sample a 
stream of fine wet pulp discharging in a 
flat sheet from the end of a launder, a sample scoop shaped like that of 
Fig. 17 and of suitable volume would be moved across the free-falling 
stream at a uniform rate, with the long dimension of the scoop opening 
at right angles to the long dimension of the stream. This would con¬ 
stitute one of the desired equally 
spaced stream segments. It will be 
apparent that the cutter can be ac¬ 
tuated mechanically, if desired, the 
cut interval being determined by 
some form of timer, and the cut 
diverted to a sample collector by a 
suitably conformed bottom open¬ 
ing from the scoop. 

Timers and mechanical actuators 
are of great variety. IClectrical 
clocks driven by synchronous 
motors (Telcchron) with suitably 
spaced switch points under the 
sweep hand (second or minute) 
suitably relayed to a chain or worm 
gear actuating the cutter carriage 




I^ig. 18. Til ting-box sampler. 


are probably the simplest assembly 


for a modern plant. Large mills 
use single central timers with actuating impulses taken olT to individual 
cutters at any desired intervals. Counters or other recorders may be 
used to check on continuity of operation. 

A combination timer and cutter actuator activated by a stream of 
water from a constant-head tank is shown in Fig. 18. In various forms 
it has had wide use in small mills because of its cheapness ami home- 
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made character. Two-compartment box m is the actuator and in con¬ 
junction with the water stream from n is the timer. Water from n 
accumulates in the upper compartment of m until its weight releases 
spring catch p, whereupon m, pivoted on v, accelerates rapidly, strikes 
tilting frame k, also pivoted on v and carrying upright i and retarding 
paddle j, and causes i to sweep to position i 2 . Rod /, attached to i and 
to cutter frame a, is thereupon swung on pivot b and drags cutter d 
across the stream discharging from launder h. Bumper q stops m, and 
pin r opens check valve x. Heavy ball (ona wire suspension both acts 
as a counterbalance to j and, by pendulum action, prevents stoppage on 

dead center. Water level in the tank is regulated by 
plugs s to give the desired retardation of j. 

A simple mechanical sampler for dry ores (Fig. 19) 
consists of one or more scoops balanced on a shaft and 
so placed as to cut across the ore stream and divert 
it at short intervals into a sample chute. This typifies 
dry-stream samplers. Cutters, cutter motions, acti¬ 
vators, and timers vary widely in form. 

The cut interval should be shorter the greater the 
variability of the stream with time. 

Fig. 19 . Simplex Dry-ore batches are often manually sampled, 
dry-ore sampler. Shovel sampling is normally used for large batches and 

coning-and-quartering for small. Both methods are 
devised to compensate for the fact that broken material segregates ac¬ 
cording to size when it is heaped up on a floor or in a box-like container 
such as a gondola car, the larger particles running down the sides of the 
heap to the bottom. Details of procedure are given in Appendix, Exp. 1. 

Shovel sampling on a floor involves piling the material in a conical 
or prismatic heap and then shoveling away from the periphery of the 
heap at the floor from successive points equally spaced around the heap. 
Each fifth, tenth, etc., shovel load is taken as a sample cut, and the 
intervening loads rejected. For further reduction the sample pile is 
again heaped and the process repeated, the sample proportion being 
successively increased as size of the sample heap decreases. If the 
original lot was of relatively large limiting size, the sample should be 
crushed and shovel loads decreased in size as the sample weight di¬ 
minishes. Reflection will show that the successive shovel loads con¬ 
stitute essentially a flowing stream of material from the heap with the 
sample shovel loads constituting cross-stream cuts. It is also true that 
the particle size of the stream decreases from beginning to end of the 
operation on each heap of material, but that by moving around the pile 
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in taking the shovel loads the variation in character of the stream is 
made gradual. 


In shovel sampling from a car it is normally not practicable to follow 
a definite path as described for floor sampling. Hence gradual variation 
in character of the out-stream is not possible to attain. Unless, there¬ 
fore, the material is essentially uniform in character, the sample becomes 

simply a succession of grab samples and the composite is unreliable to 
an indeterminate degree. 

In coning-and-quartering the particle-size distribution in the heap is 
nonuniform in any plane through the pile, but the size segregation is 
symmetrical with respect to the cone axis. 


Flattening into a squat cylinder with its 
axis coincident with the cone preserves the 
symmetrical nonuniformity. Shoveling out 
opposite quarters has the same effect as pas¬ 
sing the stream comprising the pancake co¬ 
axially through a fixed quadrantal splitter 
or nonaxially to a revolving quadrantal 
splitter, which takes only two full cuts 
during the passage. As with shovel sam¬ 
pling, particle size should be decreased as 
the sample weight decreases to maintain 
the predetermined ratio of weight to par¬ 
ticle size. 



Pig. 20. Riffle; sampler. 


Riffles are commonly used to cut down dry batches in the laboratory. 
I he commonest form is shown in Fig. 20. It comprises an even number 
of parallel chutes, adjacent ones delivering in opposite directions. Suc¬ 
cessive batches of an original lot are shaken down to spread full width of 
the scoop; the scoop is placed in the hopper with its edge perpendicular 
to and adjacent to one end of the chute openings and its bottom resting 
°n ti,e opposite edge of the hopper; then, with the pans in place the 
sample is delivered to the riffle by withdrawing the scoop smartly with 
a combination t ilt and sweep from under the load. The aim is to lav 

the load down in a thin sheet over the entire plane of the top of the 
chutes. 


Chute width should be at least three times the maximum thickness of 
the particles sampled and greater than the maximum particle length 

V chutos 10,1,1 lo cl °K' carc be taken to insure that such clogging 

does not cause any chute to fill during delivery of a scoop load Chute 
and scoop edges must be maintained sharp and straight, and pans in 
such condition that they neither spill nor retain material in pouring. 
1 ans should not be used for feeding the riffle. 
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When a given number of samples of a weight lying between pre¬ 
scribed limits is to be riffled from a batch of a given weight, it is necessary 
to make a preliminary calculation to determine the riffling pattern. 
The form of calculation is best described by an example. 


Parent 
Cut 1 

r 

Cut 2 108 

% of parent 

Cut 3' 


r 

216 


~I 
108 


432 


“1 

216 


r~ 

162 


108 

324 


“I 

162 (Discard) 


Cut 4' 
Cut 5' 
Cut 6' 
Cut 7' 

Fig. 21. 


r 

81 


1- 

40.5 (Discard) 


r~ 

10.1 

( 1 ) 


20.25 


n 

81 (Discard) 


1 


40.5 


— I 

20.25 


1 


r 


10.1 10.1 

(2) (Discard) 


~1 

10.1 

(3) 


Plan for three 8 ~ 11-oz. samples from a 432-oz. parent lot. 


Three samples weighing between 8 and 11 oz. are desired for assay from a parent 
lot of finely pulverized material weighing 27 lb. The first thing to do is to see whether 
direct successive halving of the parent lot, which is what direct riffling does, will 
produce a cut within the prescribed sample-weight range. 27 lb. = 432 oz., suc¬ 
cessive halves of which are 210, 108, 54, 27, 13.5, 6.25, • • •- The last two cuts bracket 
the range, thus rendering this trial negative. Try successive halving of three- 
quarters of the lot, obtained by combining half of the parent lot (cut 1, Fig. 21) 
with half of the second cut, e.g., 216 4- 108 = 324, whence 162, 81, 40.5, 20.25, 
10.12,- • •- Now the last cut produces fractions within the prescribed range. Next, 
since three samples are wanted, the final splitting must produce four theoretically 
identical samples (always a power of 2 equal to or greater than the number of samples 
wanted) from which the wanted samples may be selected at random. Thus the 

riffling should follow the pattern of Fig. 21. 

Note that if five or seven samples had been specified, eight (2 3 ) would have to 
be made in cut 7', whence the discard of cut 5' would have been carried on in parallel 
with cuts 6 / and 7' of Fig. 21. 

The meticulous care prescribed above for riffles should be taken with 
all sampling apparatus and operations. The keynote of sampling 
should be accuracy, not speed. This becomes apparent if a sample is 
defined as a small part of a big lot whose outstanding characteristic is to 

multiply errors. 

Continuous weighing has been developed to the point that results are 
dependable within ±0.5%, if the apparatus is kept in good order. This 
is better than normal operation of track or of truck platform scales. 
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The elements of the usual continuous weigher are (a) presentation of 
a continuous and not too rapidly fluctuating stream of the material to 
be weighed on a surface (normally a conveyor belt) of such uniformity 
as to justify the assumption of a constant tare; (6) a scale beam that is 
essentially the entire support of a portion of the stream and its carrier; 
(c) a variable automatic counterbalance; and (d) an integrating recorder 
of the fluctuations of the counterbalance. 

One form of continuous weigher, the Merrick Weightometer, in which 
the surface supporting the stream is a belt conveyor, is shown in Fig. 22. 
The three troughing idlers A (item A) supporting a section of the 
carrying run of belt B are taken off the main conveyor girders C and 
mounted on a separate girder frame D which thus becomes essentially 
the load pan of a scale. This scale comprises the beam E (items A 
and B) pivoted on post F. The weight of the belt section and its load 
is transferred to the short arm of E via rods G and II and an intervening 
link mechanism of known proportions comprising arms J on rocker 
shafts K, arms L nonrotatable on K, and a connecting link M. The 
variable counterbalance comprises the steel cylinder N, partially sub¬ 
merged in mercury in pot O. Counterbalance of the tare is effected by 
the weights P . The motion of E is transferred by roil Q to the integrator 
mechanism, item C. Rod H with its attached clamps is a guard against 
undue movement of E that would damage the mechanism. 


The integrator combines the motions of E (weight per unit length of 
belt) and of the conveyor belt (belt travel) into revolutions of disk S. 
These are registered via pointer T in counter U in suitable weight units" 
Belt V is driven from the return run of the conveyor via contact pulley W 
(item A), chain X, shaft V, and gear train Z (items B and C) and pulley 
A . The belt bears against rollers B' mounted without sensible end- 
play on shafts tangential to .S’ and capable of transmitting to it the 
tangential components of frictional force between their faces and V. 
.S' is mounted on an axial pivot on tilting table C' which, in turn, is 
mounted horizontally on a tilt axis />' that intersects the axis of S 
perpendicularly. Tare counterbalance P (item B) is such that with an 
empty belt S stands vertically. In this position the frictional drag of V 
on contacting rollers B' has no component tangential to .S’, and the 
rollers me rely spin on their axes without causing .S’ to revolve on its axis. 
Any load on the conveyor belt raises Q ami tilts .S’more or less in the 
direction indicated in item C. In such position the drag of V on rollers 

B has a component tangential to .S’, and .S’ revolves and its revolutions 
arc counted and recorded on (/. 


Consideration shows that motion of E (item B) may concurrently be 
made to actuate relays which might either change the speed of conveyor 
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&—normally an uneconomic arrangement—or operate a feeder, such as 
Fig. 15, delivering to B, or otherwise change the loading of //so as to 
bring it to a predetermined norm. 

Screen testing is inherently an inaccurate operation. The results 
obtained vary with the character and intensity of motion to which the 
test screens are subjected and the duration of this motion. The screens 
themselves are not precision instruments even when new, and after a 
short period of normal laboratory handling deteriorate markedly. 
They are expensive and infrequently replaced. Repairs by plant or 



I'm;. 22 (Cant’d) 


laboratory mechanics, as often as not, are more destructive than helpful. 
For these reasons and a variety of others that skilled operators can 
quickly bring to mind, the time-consuming methods of precision testing 
me not applicable to screen testing. (Nor is the practice of reporting 
results to the second decimal place.) 

Detail of a method of screen testing with manual shaking is given in 
the Appendix, Bxp. 1. Machine shaking with a nest of sieves is normal 
testing-laboratory practice today. It, saves time. But unless the 
individual sieves are manually shaken and tested for completion as in 
the reference, the inherent inaccuracy of the process is increased. 



458 


TRANSPORT AND CONTROLS 


[Chap. 23 


In any event, it becomes evident, whenever calculations based on 
screen analyses are subjected to independent checks, that only those 
percentages that fall within the middle 60 or 70% of cumulative weight 
give results that can be depended upon. 

Data as to mineralogical composition of pulps and pulp streams are 
to be accepted as of qualitative value only. They are made by sink- 
float sorting of sized fractions in heavy liquids, followed by picking under 
the microscope, and weighing the resulting quality fractions or esti¬ 
mating their weights from grain counts. The operation is laborious 
and time-consuming. If based on a grab or shift sample, it is applicable 
to a short time only; yet, because it is rarely repeated, it comes by 
repeated reference to be accepted as a standard state. If it is based on 
a long-time composite, it loses all instantaneous significance, just as a 
composite of a normal year’s weather would be a day of intermittent 
drizzles and of the year’s average temperature. 

Machine settings, particularly when changed frequently, variable 
flow rates, variable power consumptions, temperatures, dilutions, and 
the like can, and should in these days of highly developed recording 
instruments, be instrument-recorded. Only so can the foundation for 
instrument control be laid. No mill operator who is unfamiliar with 
the degree of instrument control in a modern petroleum refinery can 
afford to defer a visit to such a control room. The entire complex treat¬ 
ment from crude to consumer products on a throughput of 5,000 to 
10,000 or more tons of crude a day is on instrument control: flow rates, 
treatment times, temperatures and pressures, the blending of feeds, and 
the character of products. The operators rarely see the working 
apparatus—only the instruments conveniently housed on the walls of a 
comfortable room. The few men on the apparatus are essentially fire 
watchers, samplers, and maintenance crews. The board operators set 
the control instruments to a prescribed schedule; thereafter they watch 
the recording instruments that check the controllers to insure that the 
controllers are operating properly. 

By comparison the meager instrumentation in ore-dressing plants is 
shameful. Yet ore-dressing operations are in general simpler than 
those in petroleum refining and probably equally amenable to instru¬ 
ment control. Some of the necessary instruments are already available; 
others could be made so by call on the instrument manufacturers; a 
few will require invention. But substantially the only station in a 
milling plant that requires a man on the spot is the feed floor of the 
primary crusher. One operator on an instrument board, with, possibly, 
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a watcher on concentrating machines, could run the rest of any mill that 
was in good mechanical order and to which a known feed was being sent. 

Presently available instruments are the continuous weighers, automatic 
samplers, wet and dry flow controllers, automatic eliminators of ex¬ 
traneous metallic materials, pulp-density controllers, pH controllers, 
reagent-feed controllers, and speed regulators of all kinds, with cor¬ 
responding indicators and recorders. The outstanding item lacking is 
a quick-assay device, preferably automatic. With present knowledge 
of light and electronics it is not too much to expect that this lack can 
be remedied once a demand appears. 


Consumption of supplies, both operating and maintenance, should be 
kept in running correlation with operating conditions and results. In 
general only those correlations that are so striking as to be matters of 
floor-operator comment receive any attention. Metals of all kinds are 
bought on a salesman’s say-so, with no thought of the story of probable 
performance that their structure and physical properties would tell to a 
trained industrial metallographer. Lubricants are bought much as the 
ordinary motor-car driver supplies his car: on the “check-the-oil” or 
“grease-her-up-good” basis. Yet the lubricants are potent determiners 
of machine life and power consumption and, in flotation plants, of 
recovery and grade of concentrate (see Chap. 18). The change in 
contour of the liner of a tumbling mill during its life, the rate at which 
the change proceeds, and the relation of the change to the original form, 
the material of the liner, and other factors in the mill operation constitute 
a darkest darkest Africa on the records of most milling companies. 
Yet this change is a large factor in the performance of probably the most 
costly and certainly one of the most important operations in a milling 
plant. The list could be continued indefinitely. 

Labor performance may be characterized generally as poor and getting 
poorer. Hut the price that must be paid for half-performance is so high 
as to make it imperative to seek ever for labor-saving apparatus and 
procedures of all kinds. It is not improbable that the real remedy here 
lies in politics rather than technology. 


What use a mill superintendent makes of the quality-control data 
that come along day by day in normal operation is a measure of his 
industry, ambition, and mental capacity, and of head-office attitude. 

In most mills, if assays of feed, concentrate, and tailing, and the 
rationalizing number, recovery, are plotted as ordinates to shift ab¬ 
scissae, jagged lines are normally obtained. (If they are not jagged 
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something is wrong with sampling, assaying, or plotting.) Inspection 
shows certain consistent parallel or opposed daily slopes as between the 
different curves. Where recovery is concerned, such accords are 
expectably arithmetic in the directions indicated by the recovery 
formula (Eq. 6, Chap. 1). Significant changes in concentrate grade and 
recovery are always in inverse relationship with a given mode of com¬ 
mercial operation. Marked changes in character of feed, which may or 
may not be reflected in the head assay, normally have appreciable to 
marked effects on tailing and concentrate assays and thereby on recovery. 
Then there arc small ups and downs, which can almost never be ac¬ 
counted for in detail, and are variously attributed to sampling, assaying, 
operator differences, etc. 

Essentially the acceptance of these small, apparently random varia¬ 
tions as a characteristic of normal operation is the basis of plant control. 
It results in drawing a band enclosing the upper and lower normal peaks 
and valleys, and focusing attention on performance data outside the 
band. Then the ability to correlate abnormalities in performance with 
abnormalities in operation measures the capacity of the superintendent. 
Normally it involves trial-and-error sampling or otherwise measuring 
particular operating elements which experience indicates to be most 
probable causes. These various measurements are then plotted to the 
same time scale, and correction is sought. 

Statistical quality control is a method of mathematical analysis of 
data such as mill records by probability methods and criteria. If done 
correctly, it establishes relative numerical measures of the true relation¬ 
ships between particular operating variables and performance. It thus 
permits reliable assessment of the weight to be given to each of several 
simultaneous variations in operation that correlate in time to an ab¬ 
normal performance figure. In this way it has an advantage over older 
methods which require the condition of “all other things remaining 
constant” when concomitance is sought. From the standpoint of 
practical mill operation, it holds the seeds of substitution of routine 
calculation for engineering experience in control of repetitive operations. 
It is not yet sufficiently developed in milling to justify more than the 
present mention herein, but its promise is such that no progressive mill 
superintendent can afford not to acquaint himself with the general 
method and to place on his staff a subordinate with knowledge of 
the mathematical procedures. A good general article on the subject 
appeared in the December, 1949, issue of Fortune. The following 
books constitute a reasonably complete coverage of theory and present 
applications: 

Enrick, N L., Quality Control, Industrial Press, 1948. 

Kennedy, C. W., Quality Control, Prentice-Hall, 1948. 
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Rutherford, J. G., Quality Control in Industry; Methods ami Systems, Pitman Publ. 
Corp., 1948. 

Shewhart, W. A., Economic Control of Quality of Manufactured Product, D. van Nos¬ 
trand Co., 1931. 

Smith, E. S., Control Charts; an Introduction to Statistical Quality Control, McGraw- 
Hill Book Co., 1947. 


Review questions 


1. Define: chute; launder; conveyor; tripper; idler; pan conveyor; apron 
conveyor; band conveyor; bucket elevator; band feeder; surge bin; samples; 
shovel sampling; coning-and-quartering; riffling; quality control. 

2. Name the important factors in the control of ore-milling plants. 

3. What is the normal slope range for chutes? What governs it? 

4. What is the normal slope range for launders? What factors govern minimum 
slope? 

5. Describe the structure of a conveyor belt. 

6. Sketch four essentially different arrangements of a belt conveyor and describe 
the kind of service for which they are fitted. 

7. \\ hat is the range of normal maximum slopes of belt conveyors? What are 
normal speeds? What factors determine capacity? 

8. \\ hat factors affect the power required by a belt conveyor? 

9. Describe the essential parts of a sand pump. 

10. What arc the functions of a feeder? IIow, in general, are they fulfilled? 

11. How can the weight of material sent over a band feeder be operatively 
cont rolled ? 

12. Describe the elements of a constant-weight feeder. 

13. What are the necessary elements of an automatic variable-weight feeder? 

14. What means are used for controlling the operation of a ball mill? 

15. Describe methods of dividing an ore stream and discuss their limitations. 

16. Describe the general method of compositing solid streams to a desired 
specificat ion. 


17. Discuss the function of storage in an ore-dressing flowsheet. 

18. Describe means of effecting level control in tanks and bins. 

119. At a plant milling 1,000 t.p.d., with one-shift hoisting, it. is desired to provide 
for a 2-day unexpected shut-down of the mine, a 1-day crushing-plant shut-down, 
ami a 24-hr. concentrating-plant shut-down without in any case interfering with 
normal operation of the other parts of the plant. What storage capacity must be 
provided, where should it be located, and how operated? Assume that both mine 
and crushing plant can double tln-ir 24-hr. production rates at. will, and that t he mill 
can be operated efficiently at 25% in excess of normal capacity. 

20. IIow are feed tonnages to a milling plant normally measured? Concentrate 
tonnages? Tailing tonnages? 

21 What basic conditions must prevail in all sampling operations? IIow are 
they fulfilled in («) wet sampling; (!,) dry sampling by hand; (c) machine sampling 
of dry material? 

22. Describe the behavior of particles of long size range when thrown as a mass 
onto a conical pile of similar material. What is the cause of this behavior? 

23. What concomitance exists between recovery and grade of concentrate in a 
given treat incut of :i given ore? 

21. What is the general nature of statistical quality control? 

25. Discuss the desirability of instrument control in concentrating plants. 



Chapter 24 

FLOWSHEETS 

A flowsheet is a story of a process told in graphical form. An ore- 
dressing flowsheet is such a graph of the flow of pulp through a mill. 
Its points of principal interest differ according to the reader and are 
different for the same reader at different times. A student, concerned 
at the moment with size reduction, wants to know how crushers and 
screens, grinding mills and classifiers, storage and conveyors, are strung 
together in sequence to deliver flotation feed continuously from the 
run-of-mine lumps that arrive in batches at the headframe during a part 
only of the day’s twenty-four hours. At another time his interest is 
in the difference in preparation of flotation concentrate and egg-size 
anthracite. The skilled practitioner knows that there is a wide variety 
of ways of stringing dressing machines together to produce acceptable, 
if not optimum, results, and that one or another will be chosen in a 
given case according to both certain peculiarities of an ore and the 
predilections of the mill designer or the persuasiveness of a machinery 
salesman. But he also knows that machines of certain types and 
particular patterns of arrangement of machines of given types character¬ 
ize the most successful practice with given crudes. Such patterns are 
the subject matter of this chapter. 

The determiners of content and form of a flowsheet are, in order of 
importance and influence, the market factors, the composition and 
petrological character of the crude, the technological factors, and 
treatment costs. 

Market factors include unit prices, which are based jointly on the 
volume and urgency of demand and the volume of available suppb r ; 
market specifications; and mine location relative to the points of 
consumption. Hence the differences in market price per ton between 
concrete aggregate (say, SI.50 per ton) and gold at 835 per troy oz.; 
clear sheet mica (8 X 10-in.) at 88 per lb. and spotted scrap at S15 per 
ton; domestic sizes of anthracite at 88 per ton and fine steam sizes at SI; 
lump fluorite at $27 per ton in Illinois and SI 7 per ton at western mines. 

The composition and petrological character of the crudes determine 
the ratio of concentration. This in turn determines the cost of treat- 
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ment per ton of finished product and the methods of concentration 
available, e.g., coarse or fine, and gravity, magnetic, or flotation. Thus 
pebble phosphate (sp. gr. 2 ~ 3) cannot be separated from quartz 
(sp. gr. 2.7) by gravity methods, but, because much of it occurs in the 
petrologic form of concretions up to 1^-in. in a matrix of fine sand and 
soft clay, it is readily separated by screen washing and the fines are 
separable by flotation. Again a 1% sulphide-copper ore can stand a 
concentration ratio of 30:1 or higher, but phosphate concentrate selling 
at S4 or SC per ton cannot, because all the mining and milling costs 
accrue on a per-ton-of-feed basis. 

The technological factors constitute all the elements involved in 
fitting available machines and processes to the problem presented by the 
combination of ore characteristics and supply and of market specifica¬ 
tions, all within an operating-cost limit that leaves a profit. They are 
the ultimate determiners of the flowsheet pattern. They must produce 
a very different pattern for a 10^ gold gravel than they do for a lead- 
zinc ore containing S10 of gross values. 


The costs of treatment in different apparatus vary greatly. Thus 
primary crushing of ordinary rock in a big gyratory fed to capacity 
should not exceed per ton. On the other hand, grinding to flotation 
size will cost from 10 to 25^ per ton according to the ore and the plant 
capacity. Screening at the relatively course sizes at which it is done in 
most dressing plants costs less than per ton. Gravity concentration 
with good working concentration criteria is relatively cheap down to 
intermediate sand sizes. Magnetic concentration with low-intensity 
separators is cheap throughout the same size range. Flotation cost is 


dependent on the number of concentrates made, the kind and quantity 
of reagents used, the limiting feed size, and the tonnage rate. It may 
range from hi per ton to upwards of SI.00. 


It follows from consideration of these various factors that flowsheets 
for materials of low unit values will comprise little more than coarse 
crushing, screening, and concentration in the gravel sizes; that those for 
materials with high unit values will show grinding and fine concentra¬ 
tion with prolonged scavenging and, in general, repeated cleaning of 
concentrate; and that there will be a gradual increase in complexity 
with increase in product value throughout the intermediate range. 
Typical flowsheets, graphical in form to bring out the type with brief 
study, and classified according to value of product, are given in the 
concluding pages of the present chapter. 


There is no standard method of presenting 
method is that shown in Fig. 1, Chap. 1. I 


flowsheets. The easiest 
t can tell the story of a 
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simple flow in reasonably orderly fashion, although even then it defies 



Fig. 1. Pictorial flowsheet. 


visual comprehension as a pat¬ 
tern. With complicated flows it 
becomes a maze of criss-crossing 
lines up and down and right and 
left that require more patience to 
unravel than the job is ordinarily 
worth. 

The pictorial form shown in 
Fig. 1 is a definite improvement, 
so far as visual comprehension of 
the flow pattern is concerned, but 
requires a draftsman and consid¬ 
erable time to construct. Its 
numbers refer to a legend that 
gives detail of the various ap¬ 
paratus. 

The segregated form (Fig. 2) 
of the same flowsheet conveys in 


its first two columns all the information given in Fig. 1, and, in about 


the same total space occupied by Fig. 1, gives additionally the story 



Fig. 2. Segregated form of flowsheet. 


of the remainder of the treatment. As in Fig. 1 the numbers refer to a 
detailed legend. 
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The segregated form has the advantage that the number of crushing 
stages and whether the crushing circuits are closed or open are apparent 
in a glance at the first two columns; similar information as to grinding 
is given in the next two columns, the general nature of concentration 
is quickly apparent from that column, and the sources of concentrate 
and tailing are readily found by tracing back from the last column. 

The shorthand method of present ing the same flowsheet (item number¬ 
ing being the same as in Fig. 2) is shown in Fig. 3. This form has the 
great advantage from the student’s point of view that once the conven¬ 
tions of its construction are mastered its writing is rapid and its shape 
is characteristic of the kind of process that it pictures. 
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Fro. 3. 



Shorthand flowsheet. 



The symbols used in the shorthand flowsheets herein are shown in 
Fig. 4. They have been chosen with a view to represent a characteristic 
and consequently distinguishing feature of a machine with a minimum 
of effort. Where this endeavor has failed, e.g., stages of a jig, table, 
hydraulic classifier, flotation machine, an arbitrary symbol requiring 
memorization has been adopted. 

It will be noted in Fig. 4 that no symbols are given for devices for pulp 
transport. The reason is that chutes and launders for gravity transport 
and conveyors and pumps for power transport arc so nearly universal 
and their number and placing arc so uniquely associated with the 
topography of particular mill sites that their inclusion serves no useful 
purpose in patterns that are concerned primarily with severance and 
separation. Flow from machine to machine is indicated both by the 
positions of machine symbols and by the numbers adjacent to them. 
Faeh machine has a distinguishing number whic h is placed above its 
symbol or to the left, thereof according to convenience in light of the 
shape? of the symbol. When no number or product symbol follows a 
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Crushers, primary 
Jaw 

Gyratory 
Single-roll 

Slugger-roll 
Toothed-roll 
Hammer mill 
Bradford breaker 
Sledge 

ushers, secondary 
Standard cone 
Reduction gyratory 
Short-head cone 
Spring rolls 
Stamp 

3-roll crusher 

Grinding mills 
Rod mill 
Ball mill 
Pebble mill 

Tube mill 
Compartment mill 
Roller or race mill 
Chilian mill 
Amalgamating barrel 
Grinding pan 

Scrubbers 


Tumbling scrubber 
*7i7* Screen scrubber 
^22^ Spiral scrubber 

_S-L- Washing screen 

Screens 


= Fixed grizzly 
Shaking grizzly 


Screens (Continued) 

<J> Roll grizzly 

--Fixed screen 

—©— Revolving screen 
—X— Shaking screen 
— Vibrating screen 
Traveling-bell screen 
O Wet filter 


Dry filter 
Amalgam press 

Classifiers 


Trough-type, mechanism 
undesignated 

Rake-type 

Spiral-type; Akins 

Internal-spiral; Hardinge 

Bowl rake 

LS^ Drag 

Hydro-bowl 

\/ Desliming cone 

\( Cone with hydraulic 
“ water 


— f— Multisplgot hydraulic 
classifier 

Cyclone-type (air) 
Centrifugal (wet) 

Dewatering 

Thickener 

r Settling tank or pond 


y Dewatering cone 
Basket centrifugal 

Drier, stationary 
'u&so' Drier, revolving 

Concentrators (see Staging) 


Vibrating grizzly 


O-O Picking belt or table 

Mechanical shape picker 
Suspended magnet 


Concentrators (Continued) 

0) Drum magnet 
(.» Pulley magnet 


r r Dry-belt magnet 
O+iU Wet-belt magnet 

(—) Electrostatic separator 
Log washer 
Sluice; blanket table 


lllllll 


Rheolaveur 
Sink-float, Chance 
Sink-float, heavy-medium 


i 

i 

\/ Menzies* cone 

Ir4ni Hydratator 

Jig, mechanical; 
one-stage 

Jig, air-operated; 
one-stage 

*- y Shaking table; one-stage 

Buddie; strake 
Table flotation; one-stage 
Froth flotation; one-stage 
Gold pan (manual) 

Hydraulic gold trap 


i 


v 


Amalgamating plate 

Miscellaneous 
0 Flotation conditioner 
(fj” Air agitator 
|Jo| Impeller agitator 
LJ Storage bin 

/\ Open storage 

|_| Wet storage (tank) 

Y Blending 
Sampler 

? Alternative flow 

L J _ Crucible 
"UU «*7P 

Retort 

Kiln, stationary 
(Continued to next page) 


Fig. 4. Symbols for shorthand flowsheets. 
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Miscellaneous (Continued 


Products 

from preceding page) 

• 

Concentrate 

. a n a a _ 

Kiln, rotary 


Tailing 


Cooler, undesignated 

© 

Middling 


Cooler, rotary 

w 

Water 

o 

r (TiTo d' 

. a n n a 

Heater for liquids 

A 

Amalgam 


Cooler for liquids 

B. C. 

etc. for special 


Fig. 4. (cant’d) 


machine symbol, flow to the next symbol to the right is implied for all 
machines and additional flow vertically downward to the next symbol 
below for all two-product machines or machine stages. 

A machine stage is any part of a machine that makes two different 
products. Every separating device comprises at least one stage; any 
such device that makes more than two products comprises (n — 1) 
stages, where n is the number of products. Thus a flotation rougher 
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l ie. 6. Successive flotation stupes in the same machine. 


making tailing and rough concentrate comprises a stage, whether the 
froth overflows from one cell or a dozen in series, provided these over¬ 
flows combine into a single rough concentrate. On the other hand, a 
twelve-cell subaeration machine in which the flow is as shown in Fig. 5, 
item A, comprises six stages, since it is making six separate overflows 
ami a tailing. The shorthand representation of these, shown in item B 
will be discussed short I v. 
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Definite conventions in representing flow directions must be followed 
if the shorthand patterns are to have characteristic forms. 

1. The m ai n stream flows across page from left to right. It com¬ 
prises: (a) the entire product of size reducers; ( b) the oversize of 
screens; (c) the sands of deslimers; ( d) the thickened product of 
dewaterers; and (e) the residual stream in any operation, not falling 
under one of the above categories, from which successive fractions are 
removed by any separating process. This main streamline continues 

across page until it terminates as a tailing or is backtracked in a closed 
circuit. 

2. Each two-product machine or stage starts a side stream down page. 
From this one or more new horizontal streamlines may start, always to 
the right. Each of these is carried to its termination in order of its 
origin before continuing the down-page course of its originating stream. 
Noninterference is insured in working out down-page streams and their 
side branches by starting always with the last open down-page stream. 

Item B, Fig. 5, should now be clear. The various horizontal dashes 
therein represent flotation stages, according to Fig. 4. The pattern 
starts with the left-hand symbol in the first line. The number above 
it is its identifying designation. The fact that the six stages are all 
comprised in one structure is denoted by use of the same number, 
e.g. 1, for all. Distinction is made by the suffixed letters. The main 
stream starts in la, comprising the four rougher cells 5 to 8 in item A, 
and continues through lb (the scavenger cells 9 to 12) and there termi¬ 
nates as tailing, denoted by the double cross. The last open down¬ 
stream, from lb, is the scavenger overflow; its destination is designated 
by the number la placed below the lb symbol. The next open down¬ 
stream, from la, is the rougher overflow; its flow to the first cleaner 
stage (cell 4 in item A) is denoted by sj’mbol lc placed below it. The 
flow of cleaner tailing from cell 4 to cell 5 is denoted by the number la 
placed to the right of the lc symbol. The down-page flow of cleaner 
concentrate is now the open downstream, and its destination is marked 
by the stage symbol Id (denoting cell 3) placed beneath it. Counter¬ 
flow of cleaner tailing to cell 4 (stage lc) is denoted by the lc to the 
right of the Id symbol. The further successive cleanings in stages le 
and If (cells 2 and 1, respectively) with their tailing counterflows are 
similarly treated. Final concentrate overflow, denoted by the full 
circle below If, terminates the down-page stream. 

It follows from the preceding paragraph that a concentrating flow 
pattern that is prolonged down-page represents an attempt to produce 
high-grade concentrate. Conversely cross-page prolongation denotes 
continuing reprocessing of tailing. These characteristics of concentra- 
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tion procedure are thus made apparent at a glance. Further implica¬ 
tions of the shape of the shorthand flowsheet will be developed as they 
arise in connection with following flowsheets for treating different types 
of crudes. 

Returning now to Fig. 3, line 1 represents four-stage crushing in items 
2, 4, 10, and 14, with intermediate scalping (items 3, 9, and 12) and 
circuit closure on screen 12. Line 2 shows one-stage closed-circuit 
grinding. Line 3 shows one-stage rougher flotation (23), making tailing 
which is dewatered before discharge. Line 4 shows finished concentrate 
off the first cleaner (thickened in 32 and filtered in 33) and closed-circuit 
regrind of cleaner tailing. Line 5 shows roughing and scavenging of 
the reground cleaner tailing with thickening preceding the scavenging 
step. Line 6 shows one-stage cleaning to make further finished con¬ 
centrate, with counterflow of this cleaner tailing to the regrind rougher 
(27). (Return to 25 would be better practice.) 


I he following flowsheets, generalized from operating plants, are 
grouped according to the market values of their products. They cover 
a range in such values from less than SI per ton (certain gravels and 
crushed stones) to thousands of dollars per ounce (diamonds). They 
should be studied sufficiently to build familiarity with common group 
sequences, e.g., crushing, grinding, and gravity concentration; with the 
kinds of treatment processes that predominate for making products in 
the various market-value groups; and with the significances of the 
various pattern forms developed when the flows are presented according 
to the shorthand convention. 


Group I (product value less than $5 per ton) includes as principal 
members from a tonnage standpoint gravel, crushed stone, and the 
cheaper sands; bituminous coals; and phosphate concentrate. Other 
products are cobbed and hand-picked lump barite; lump pyrite similarly 
prepared and both gravity and flotation pyrite concentrate obtained as 
by-products in bituminous-coal washing and in flotation of lead-zinc 
or copper ores. Also raw gypsum for cement retarder and off-grade 
calcined gypsum for land plaster. 

Figure «> is a plant for making two long-range (C>: 1) sized products of 
essentially the same chemical composition as the feed (dolomite); hence 
the only concentration is washing on screens 2 and 4. The upper size 
of the coarse product is flexible; hence the circuit on the final crusher 3 
is not closed. In some regions the undersize of screen (> would be salable 


locally its agricultural stone (see 
screening, and screen washing 
horizontal length of the pattern, 


Fig. 7). The treatments—crushing, 
are individually cheap. The short 
taken with its items, denotes coarse 
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products, and the short vertical length denotes long-range sizing; 
hence both are cheap species of their cheap genera. Cost should not 
exceed 50 per ton in a well-designed plant. 


Quarry rock 
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furnace bottoms 


Fig. 6. 


I 414 ~ %-in. f/uxstone 
£.^ 1 " 6 ^^ 

Plant crushing dolomite for iron blast-furnace flux and open-hearth bottoms. 

125 t.p.h. 


Figure 7 is also a dolomite plant but makes a finer and shorter-range 
(4:1) sized product before clinkering. Limitation as to upper size 
requires circuit closing, and the desire to let little of the feed go into the 
cheap Agstone product dictates the four-stage crushing and the scalping 
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a" 


Fig. 7. 



5b 


6 

005 

Q (To rotary kilns at 2 , 600 - 2 , 900 ° F'• 
for clinkering 


Agstone 


Plant for crushing and sizing dolomite for clinker and fertilizer. 


ahead of (4) and (G). The general pattern is the same as in Fig. 6, but 
with somewhat greater horizontal length reflecting the smaller limiting 
size of product. Cost, excluding clinkering, should not exceed 100 per 
ton, in light of the relatively soft feed. 


w %. -H--- ^ --H--' A 
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Fig. 8. Plant making crushed stone for concrete aggregate. 550 t.p.h. 


Figure 8 is the typical pattern for a concrete-aggregate plant having 
call for lump and coarse-gravel sizes for monolithic structures. The 
short crushing stages and the scalping before each crusher reflect the 
necessity for a multiplicity of gravel sizes for specification blending and 
are reflected in the horizontal length of the pattern (cf. Fig. 9, where 
nature did the crushing). Item 9 denotes a soft rock (dolomite or 
limestone with little silieification); for hard rock this would be rolls, a 
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short-head cone, or a reduction gyratory. The increasing depth of the 
pattern as compared to Figs. 6 and 7 reflects shortening of the range of 
the sized products. Operating cost will not be any greater than for 
Fig. 7, because although the overall reduction and product-size ranges 
are greater, and the limiting size to which crushing is carried is smaller. 
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I k;. 9. Plant making fine gravel and sands for concrete aggregate, brick and 
plaster sands both dry and washed, asphalt sand, and blended concrete sand. 

X00 cu. yd. per hr. 

the fraction of the feed tonnage treated in the fine-reduction machines 
is relatively small on account of the successive bleeds of coarse products. 
It may be noted that the coarse long-range dry sand from (8c) and the 
washed sand from (13) are quite differently salable; the former would 
not be acceptable in many concrete specifications. It should also be 
noted that separate storage, bin or open, for each of the finished sizes all 
feeding by proportioning feeders onto a mixing belt, as item 8 in Fig. 9 ’is a 
part of this and every plant making aggregate for specification sale’. 
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Figure 9 is typical of a big gravel plant working on a gravel bed 
containing a relatively large proportion of fine gravel and sands. The 
great vertical elongation of the pattern denotes the large number of 
short-range products made. Special attention should be paid here to the 
structural implications of the large number of bins and/or open-storage 
piles (items 7, 12, 15, 16, 18, 19, 21, 22, 24 to 26) and their common 
delivery to (8). Each of these storages requires elevating of its feed, 
and many of them require proportional delivery to make a specified 
mixture. The usual arrangement is to string all products normally sold 
as parts of mixtures along in a straight line so that they can deliver by 
gravity to a single conveyor (e.g., item 8), and to feed them from their 
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Gypsum preparation. 
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producing screens mounted on towers around which the pile collects. 
A line of conveyors on trestles runs from screen to screen above the 
piles, carrying the successively finer undersizes. The fine-sand bins 
may be grouped so as to be fed by a battery of screens mounted above 
them, all fed by a single conveyor. Their delivery is then alternatively 
to trucks or cars or to the mixing conveyor. 

Despite the multiplicity of sizes made and their relative fineness the 
overall cost per ton of product in this plant will not exceed that for 
Fig. 8, owing to the lesser amount of crushing and the relatively small 
tonnages handled on the finer screens. 

Figure 10, for gypsum preparation, describes a three-part process 
making < 1 raw gypsum for a cement additive, coarsely pulverized 

raw gypsum for fertilizer, and finely powdered calcined gypsum for 
building plaster. The first product is the relatively low-grade undersize 
of (2), the impurities introduced in mining being tolerated because of the 
relatively small percentage used in the finished cement (see Fig. 25). 
The high-grade lump oversize of (2) is crushed and screened to about 
2 - ' 1-in. pebble, calcined, recrushed, the unburned material largely 
removed by (8), and the calcine ground to 300-mesh (items 3 to 8 
and 13). Land plaster is made from the relatively clean undersize 
of (5) and the unburned oversize of (8) in items 9 to 12. Thus the 
relatively great horizontal extent of the pattern is only in part chargeable 
to either the product of (10) or the product of (13). The low calcining 
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temperature and the relatively small tonnage of wall plaster keep down 
both overall cost and selling prices. 

Figure 11 treats a crude in which concretionary nodules of tricalcium 
phosphate ranging in size from about l^-in. to 80- or 100-mesh are 
imbedded in a matrix of fine silica sand, mostly <35-mesh, all bound by 
clay. Clay balls and miscellaneous surface ddbris are rejected from 
(2). Clean pebble is obtained as oversize of (8) after disintegration of 
the matrix in (5) and (7). Separation in classifiers 10 and 20, of 
Fahrenwald type, depends upon the fact that the <^-in. sands are a 
mixture of relatively coarse and fine phosphate and generally fine quartz 
sand. Table flotation, items 14 and 16, is ideal for this material. 
Reagents are fish-oil fatty acids and petroleum oil in a pulp of 
pH 9 (NaOII). Quantities are high (up to 5 lb. per ton of total oil of 
which one-third to one-half is the fatty acid), but the tonnage treated 
is a relatively small fraction of the total feed, since up to 50% of the 
total crude is discharged as pebble at (8) and a considerable tonnage of 
clay is discharged from (19). Table concentrate may be run up to 
premium grades (>G8% B.P.L.) by acidifying fine flotation concentrate 
with H 2 SG 4 and floating with lauryl or a higher amine. 


From the dressing standpoint coal has a number of characteristics, 
chemically, physically, technologically, and economically, that dif¬ 
ferentiate it from ores and the so-called industrial minerals. 

Chemically it is not a definite substance as most other minerals, dis¬ 
regarding minor impurities, are, but rather it is a mixture of almost 
completely unknown and unidentified compounds of hydrocarbon 
character, varying in their ratios of II :C from zero or almost zero 
in the graphitic matter, through 1 :40 to 1:20 in anthracite, 1 :80 to 1:5 
in bituminous, 1:50 to 1:4 in semi bituminous, to 1:15 to 1:3 in peat. 
It is commonly graded by rank (relative character) according to 
characteristics which are shown graphically in Fig. 12, in which the 
dotted lines enclose the area within which analyses of typical coals of 
the various classifications fall. 

Physical properties range from relatively hard, tough, and firm for 
anthracite to soft and crumbly for the lower grades of bituminous and 
sub-bituminous. All down to the lower sub-bituminous is definitely 
crystalline. Some bituminous coals melt to a plastic mass on heating 
in absence of air, reacting in unknown fashion while doing so, and when 
the heating is carried to redness and the temperature is lowered they 
solidify to highly crystalline coke, having given off an ext remely complex 
mixture of gaseous and liquid hydrocarbons, and various volatile 
nitrogen and sulphur compounds. 
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Coals of the same class from different geographical localities and from 
different parts of the same mine differ widely in ash content and in the 
way in which the ash is dispersed through the coal. The impurity 



B. t. u. per lb. 


Fig. 12. Rank of typical United States coals. (After Fieldncr et at.. Til 3206-R ) 


present in greatest quantity and most complete segregation is slate or 
shale, which occurs in hands. It is nearly always somewhat carbon- 
hearing (bone), and when this is the case there is usually, hut not always 
finely dispersed ash in the coal material. Calcite, gypsum, clay, and 
pyrite veinlets occur in many coals, as well as nodular pyrite and large 
and small single pyrite crystals in the coal mass. 
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From the technological standpoint the important characteristics of 
coal are: (a) the coarseness of the aggregates of salable and nonsalable 
material in the run-of-mine product (raw coal); (6) the fact that the 
valuable fraction of the raw coal is distinctly lighter specifically thaD 
its impurities, which gives a most favorable concentration criterion; 
(c) its friability, since high friability taken with the market specifica¬ 
tions (see below) is normally a most unfavorable factor in preparation; 
and ( d ) the marked difference in shape between the impurities (flat, 
platy) and the coal (cubical or rounded), which makes shape a useful 
separating characteristic in some processes and a hindrance in others. 

The important economic factors are: (e) the price differential be¬ 
tween the coarse sizes of a given coal sold for domestic use, and the fine 
sizes of as low or even lower ash content from the same coal, sold for 
industrial use; (/) the fact that eye appeal often predominates over 
B.t.u. value in domestic sales; ( g ) the different specifications of indus¬ 
trial buyers; and (/*) the necessity in a highly competitive market to 
keep weight recovery (the inverse of ratio of concentration) high and to 
sell as much ash at coal prices as the traffic will stand. 

Commercial buyers, as distinguished from jobbers supplying the 
domestic trade, are steam producers and metallurgical plants. 

The steam producer considers particularly delivered cost per B.t.u.; 
dust, handling properties, ash fusibility, and facility of ash disposal; 
size, size range, size distribution, and the intimacy of mixing. The 
iron metallurgical buyer wants low sulphur and low ash, since both 
affect the cost of pig iron materially. 

Both buyers are vitally concerned with dependability of supply and 
uniformity of product. The reason for the latter requirement is that 
any large coal-consuming operation must operate on a standard schedule, 
and this must be set to the poorest fuel condition that will be met. 
Since the buyer cannot take advantage of an improvement in coal grade 
without resetting, he does not profit by shipments that are of better 
grade than the average minimum and will not pay a premium for them. 

It follows from these buyer specifications that a cleaning plant that 
can produce to reasonably constant but not too good ash and B.t.u. 
specifications and which does a good and consistent sizing and mixing 
job is the one that will get and keep customers, provided that it can 
produce within the buyers’ specifications and that its freight penalty 
is not too high. 

The steady increase in mechanical mining methods to combat ever- 
mounting mine-labor costs results in an ever-falling grade of raw coal 
that is gradually bringing about general adoption of mechanical cleaning. 
Mechanically mined coal is also finer than raw coal, and since the 
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difficulties of removal of impurities increase with fineness, cleaning cost 
is increased. Despite this the combination of mechanical mining and 
mechanical cleaning can sometimes produce cheaper coal. 

Bituminous coal sells f.o.b. plant at prices which, even considering 
the premium for domestic grades (>1- or l*/£-in.), put it in Group I 
(see p. 4G9). Anthracite, despite the low prices of the steam sizes 
(see Table 1, p. 479), falls in Group II (see p. 478). 

There are three major operations in bituminous-coal preparation, 
viz., sizing, cleaning or ash reduction, and blending and mixing. A 
fourth, known as dustless treatment, consists in 
treating the coal with various chemicals, both organic 
and inorganic, which prevent dusting in handling 
from cars to furnaces. (See “Coal Preparation,” 

David II. Mitchell, Ed., Chap. 21, AIME , 1943). 

Figure 13 shows the extremely simple sizing treat¬ 
ment which comprises all that is done to the very 
large tonnages of coal that has a salable ash content 
as mined. Structurally the screens are set in a 

bridge-like structure over parallel railroad tracks on which standing 
cars receive the screened products. Raw coal is received in an under¬ 
track hopper and is elevated to the 
screens by an inclined conveyor, nor¬ 
mally of flight type. 
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Fig. 15. Bituminous coal; jig wasliery. 


Flowsheets for coals that require cleaning commonly exhibit the 
general pattern of Fig. 14. Detail differs according to the principal 
concentrator (2), to local demands as to size, and to the; possibilities 
of utilization of normally nonsalable high-ash material for company fuel. 
See Figs. 15 to 17. 

All the plants in Group I have one or more of the following common 
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characteristics: Little or no waste is discarded; hence practically the 
entire plant feed is salable. Such waste as is discarded is principally 
by screening or concentration of coarse or full-range feeds; if fine 
concentration is practiced it is on a small fraction only of the total feed. 
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Fio. 16. Bituminous coal; Chance-cone washery. 500 t.p.h. 


Size reduction is largely limited to crushing; grinding is carried out only 
on small fractions of the total or on very soft material. High-grade 
concentrate is not required (phosphate is the only exception). All 
the operations excepting the phosphate table flotation (items 14 and 16, 
Fig. 11) are relatively cheap. 
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Fig. 17. Bituminous coal; Rheolaveur washery. 


Group II ($5 to $20 per ton of product) comprises minerals that require 
fine grinding, or moderately costly concentration, or chemical or other 
processing to make them salable, or for which weight recovery is far 
from 100%. The principal members of the group are anthracite, iron 
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oxides, and cement rock. Others are the fillers (requiring fine grinding), 
the glass sands, some heavy chemicals (sodium chloride and lime), and 
refractories (graphite, magnesite, and asbestos waste). Typical flow¬ 
sheets are shown in Figs. 18 to 29. 

Flowsheets for anthracite are built around the fact that the domestic 
sizes, particularly egg, stove, and nut (see Table 1), sell for three to four 
times the price that the steam sizes do. This dictates careful graded 
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Fig. 19. Anthracite breaker with concentration in Chance cones. 2,600 t.p.h. 

About one-third refuse. 


crushing, coarse concentration by methods that involve as little strong 
or rapid interparticle contacts as possible, and a minimum of inter¬ 
machine flow. Early concentrating practice was to jig closely sized 
feeds, hand-pick the cleaned coal in the domestic sizes, and rescreen 
to remove degradation. This produced a flow pattern of the general 
shape of Fig. 18, in which the horizontal portion to the left of the long 
screen bank (9, 22) reflects multistage graded crushing with crusher 
feeds scalped, and the long vertical bank reflects concentration of many 
short-range fractions. Many of the older breakers are epitomized 
by Fig. 18, except that mechanical jigs would occupy the positions of the 
Menzies cones. This machine has replaced jigs in modern breakers 
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because of less degradation, lower wear and power consumption, and 
less floor space. 

The pattern of Fig. 19, which is for a raw coal containing considerably 
m°ie refuse than the feed in Fig. 18, reflects removal of all originally 
free refuse without crushing, and concentration of longcr-range feeds 
with consequent reduction in the number of concentrators and in the 
amount of handling over screens. It retains the horizontal elongation of 
line I, which is the murk of graded crushing. 
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*10.20. Anthracite custom plant utilizing one-step heavy-medium sink-float. 

300 t.p.li.; *10 (o 50% refuse. Magnetite medium. 

The anthracite custom plant (Fig. 20) reduces the number of concen¬ 
trators to one (item 8), wit h resultant saving in screening and consequent 
degradation. Such simplification, with a raw coal containing the large 
amount of refuse reported and the coarse setting of the final crusher 

,s P ossib,c on| y if th <‘ refuse is substantially free at coarse sizes or the 
custom charges permit discard of highly carbonaceous refuse. 

Iron ores in the United States are hematites and magnetites, the former 
predominating greatly. They am reduced to pig iron in blast furnaces 
for which 3-m. to 10-mesh is the most favorable ore-size range. Finer 
material increases back pressure against the draft, and <<>5-mesh ore 
blows out the stack. Hence a penally sufficient to cover the cost of 
agglomeration (sintering) is assessed against fine concentrate Prices 
per ton of concentrate (61.5% Fe base) f.o.b. mines arc at the bottom 
ol the bioup II range, wherefore weight recoveries must be high. This 
means that crudes must be nearly as high-grade as concentrate 
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(40 ~ 45% Fe), whence it follows that tailing also will either be little 
different from feed or of negligible tonnage. 

The hematite ores are the result of natural concentration by geologic 
decomposition of a high-iron cherty rock (taconite). The recrystallized 
hematite ranges from soft to hard, and the accompanying siliceous 
material ranges from coarse unaltered rock to fine sand. The hematite 
in the wash ores is relatively hard, and the bulk of the siliceous material 




Fig. 21. Mesabi wash-ore plant. 



is the fine sand. A typical flowsheet for this ore is shown in Fig. 21. 
Most of the coarse rock is freed from hematite in (3) and is removed 
by picking on (2) and (5). The more or less consolidated fine sands are 
disintegrated in (7) and overflowed. Hematite sand is separated from 
siliceous sand of the same size in (9), but the overflow of (9) contains 
much fine hematite. Recovery of this would be relatively expensive, 
and the additional drying and sintering to make it satisfactory as blast¬ 
furnace feed have ruled out the treatment in the past. 
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Figure 22 is a typical plant for ores in which disintegration of the 
siliceous rock has not gone to the extent of much sand production (con- 
centratable ores). The hematite is soft enough to break to <5^-in. 
size in mining and to break further to <3|^-in. limiting in the tumbling 
in (2). The backbone of the treatment is jigging of closely sized feeds, 
denoted by the characteristic vertical bank at the right of the pattern 
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(cf. Fig. 18). The use of the Rheolaveur for recleaning bowl-classifier 
concentrate is not typical. 

Figure 23 is the modern form of plant for the same feed as that to 
Fig. 22; the simplification is owing to the long-range feed that can be 
handled in the sink-float appa¬ 
ratus. Note that here retreat¬ 
ment of bowl-classifier concen¬ 
trate is omitted. 

Magnetite ores are readily 
concentrated to a higher iron con¬ 
tent than hematite despite the 
relatively small difference (2.4% 

Fe) in the iron content of the 
respective minerals, because of 
the more positive control possible 
with magnetic concentrators com¬ 
pared with the crude methods of gravity concentration available for hem¬ 
atite under the economic limitations existing. The general pattern of 
a modern magnetite plant is shown in Fig. 24. Its essential elements 
are graded crushing and step-wise elimination of tailing from short- 


Fig. 23. Sink-float plant for Mesabi 
"concentrating ore" (moderately soft 
hematite). Waste is coarse jasper and 
fine siliceous sand. 
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Fig. 2*1. Low-intensity magnetic plant for magnetite ore. Feed 40 to 50% Fe- 

concentrate G3 to 05% Fe. 


range feeds with corresponding upgrading of middling, whence final re¬ 
lease of concentrate by grinding is justified by the relatively small weight 
of enriched residue to be ground. The high-grade concentrate sells at a 
sensible premium. 

Cements are specification mixtures, principally of artificial calcium 
silicates and aluminates, made by reacting closely proportioned mixtures 
of finely pulverized limestone, quartz, and aluminum silicates at high 
temperatures in rotary kilns. The principal raw ingredients are lime¬ 
stone and shale or clay. The proportions of the various raw ingredients 
required to meet final cement specifications may lie attained either by 
addition of high-purity limestone or quarts to the* raw principal ingredi¬ 
ents as they occur in the quarry, or by subtracting silica and/or alumina 
from the quarried material by concentration. The first method is used 
in dry-process plants, and the second in wet plants. Economy favors 
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the wet plant unless the make-up high-lime and high-silica rocks are 
readily available locally. Flexible provisions for storage and blending 
of in-process materials are important elements of both plants. 

Figure 25 shows a dry-process plant. It comprises rapid graded 

crushing to about %-in. limiting (items 1 to 4 inclusive); a long covered 

compart merited bin (5), served by a clamshell or orange-peel bucket 

on a traveling crane, by means of which suitable additives in required 

amounts may be mixed; dry grinding of the mixed material in closed 

circuit with air classifiers; burning, cooling, and crushing of the clinker 

in items 9 to 12; and dry grinding of the clinker to finished cement in 

items 14 to 19. Briefly this is crushing and grinding to 100 ~ 150-mesh 

limiting, burning, and dry grinding the clinker to about 325-mesh 
limiting. 
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Pig. 27. Glass-grade spar (feldspar). 

The wet plant (Fig. 20), treating a quarry rock containing some 
objectionable graphitic material and an excess of silica, skims out the 
graphitic material as overflow in flotation stage 21, drops silica as 
tailing in stage 23, and runs up the limestone grade to a relatively high 
evel by cleaning in stage 24. By this means ground raw feeds requiring 
but httle correction may be by-passed from (0) to (12) and corrected 
r>y addition of nigh-limo procossorl product from (11). 

I-igoro 2/ is a simple crushing and dry-grinding plant for upgrading a 
roup I product to Group II by size reduction and removal of ever- 
object lonable iron One only of half-a-dozen grinding circuits is shown, 
b> means of which, together with screen changes as indicated and a fine 
c.reuit closed by a,r classifiers, some sixty products of different sizes 
and size ranges are prepared. The only refuse is dirt from (II) and 

iron-bearing material from (7). ' ' * 

I- .gun- 28 shows the prolonged treatment required to produce iron-free 
quartz sand from a crude mixture of water-deposited clay and quartz 
Ihc essentials are: (a) repeated tumbling with water in items 2 to 9 
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inclusive to disintegrate clay, with rejection of the most obstinate as 
oversizes of (2) and (4); (6) washing out disintegrated clay at (8); 
(c) pebble-mill grinding so that no iron will be introduced, with circuit 
closed on a screen (14) to insure a maximum of granular product, and 
further clay removal by (10), (11 ), and (15). As in Fig. 27, iron, which 
discolors glass, is taken out magnetically. 

Chemical lime must be of high purity, and, since the burning con¬ 
centrates almost 2:1, the feed must contain an even lower percentage of 
impurity. This means that the limestone quarried (or derived from 
shell) must be substantially pure and that dirt excavated with the stone 
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Fig. 29 . Chemical-lime plant. 

must be screened and washed out. The essential features of Fig. 29, 
for making lime from quarry limestone, are crushing to about 8-in.’; 
separating undersize and oversize of a 3-in. grizzly; scrubbing the 
fractions separately, burning lump in a shaft kiln, from which a con¬ 
centrated CO, can be recovered, and the 3~ l^-in. fraction in the 
more efficient rotary kiln in which, however, the C0 2 is highly diluted. 

I he material is salable at relatively low prices for aggregate 

and fertilizer. 

The flowsheets for minerals in Group II are of the same general type 
as those m Group I, but on the average concentration does not start 
at as coarse sizes and is carried down to finer sands; weight recoveries, 
though still high, average nearer 50 than 100%. Grinding appears, 
generally as a means of increasing the market value of an otherwise 
low-valued crude rather than of liberating minerals for concentration. 
Jieat as a means of bringing about value enhancement is more intense. 

Group III flowsheets (product values S20 to 8100 per ton) include 
those for three general classes of minerals: (a) base metal ores in 
relatively plentiful supply, but of such low grades that ratios of concen- 
t rat ion are high, liberation requires grinding of the entire feed to rela- 
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tively fine sizes, and in some cases the concentration treatment is 
complicated; ( b ) minerals in relatively small or highly scattered supply, 
requiring complicated or close preparation; they are more or less highly 
essential to technology, but prices are held in check by competition 
either with synthetic equivalents, e.g., nitrates, and special abrasives 
such as garnet and corundum, or with high-grade foreign ores, as graph¬ 
ite; (c) minerals rare in high-grade form and difficult to treat in the 
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Fig. 30. Porphyry-copper mills. (A) Underground mine; (B) open-pit mine. 
Ore at both is finely disseminated chalcocite and pyrite in siliceous gangue, 

assaying about 1% Cu. 


more common low-grade crudes, for which monopolistic control, com¬ 
mercial or political, has been established, e.g., sulphur, manganese, 
and chromite. 

The important members in the (a) subgroup are the porphyry- 
copper, the simple lead sulphide and zinc sulphide and the complex 
galena-sphalerite-pyrite ores. 

The characteristic shorthand flow pattern for finely disseminated 
sulphide ores, low- or high-grade, requiring fine grinding for liberation, 
is the horizontal line of alternating screens and crushers shown in Fig. 30, 
with a downleg at the right end varying pattern as discussed in Chap. 18. 
The number of crushing stages is three or four with open-pit mining and 
one less with underground mining, depending in each case upon whether 
rod mills are used for the first grinding stage. Flotation is characteris¬ 
tically rougher-scavenger on the main stream as in item A, Fig. 30, 
with one or two cleanings of rougher concentrate. With an ore con¬ 
taining fine chalcocite associated with coarser pyrite, a relatively coarse 
primary grind and intense primary float followed by regrind of cleaner 
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tailing on some variant of the circuit (11) to (13), item B, Fig. 30, 
reduces grinding cost and improves grade of concentrate. 

Simple zinc and lead sulphide ores usually are sufficiently coarsely 
disseminated to at least encourage, if not to justify, scalping out tailing 
and concentrate before flotation. Justification for scalping concentrate 
lies in the well-known fact portrayed in Fig. 2, Chap. 18, from which 
it is argued that whenever coarse free sulphide is broken some ultrafine 
material is produced and some of it goes into tailing. But unless a 
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Fit;. 31. Simple lead-sulphide ore. Galena (3% Pb), medium and fine dissemina- 

tion in dolomite. 


sensible tonnage of tailing can also be made at the coarser size, it is 

difficult to justify the additional equipment and operating costs. When 

tailing can be made, the saving in grinding is a concrete item on which 

clear-cut balances against determinate additional tailing loss can be 
set up. 

The shorthand flowsheet patterns (Figs. 31, 32) reflect the additional 
concentration operations by the additional vertical rows consequent 
upon the necessity of treating a plurality of sizes for effective gravity 
concentration of the coarsely granular material. Were either of these 
ores finely disseminated, the patterns would not distinguish from Fig 30 
It is interesting to note that a mill closely similar to that in Fig 32 

«‘V'°oo o° m thc flow sh(mn ]) y ^”tt,ing down items G to 12. 

18 to 20, 21, and 25, and routing the sink of (5) after washing free of 

medium, together with the undersize of (4), to (22) and sending the 

overflow of (23) to (13). The set-off was the saving in operation on the 

apparatus shut down and a somewhat lower tailing than that made from 
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(11), against the additional cost of grinding the tailing of (11) and the 
concentrate of (25a). The machines were still shut down at last 
reports. The sized and nicely washed tailing from (5) makes up for 
part of the zinc that it carries by selling as concrete aggregate. 

The valuable mineral in lead-zinc ores is generally coarsely dis¬ 
seminated in the central United States and finely disseminated in the 
Rocky Mountain region. Figures 33 and 34 represent types of flow¬ 
sheets applicable to the two cases. 
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Fig. 32. Mill for a simple zinc-sulphide ore. Sphalerite (5%) with 1% pyrite in 

siliceous dolomite. 


The characteristic items of Fig. 33 are the sink-float discard of tailing 
at (7), the use of roughing jigs (10, 28, 31) to build up clean sand feeds 
for finishing on (25), and the use of scavengers with single-stage counter¬ 
flow of scavenger concentrate to build concentrate grade in a single 
lead-cleaner stage. The student should compare the general pattern 
with that of Fig. 32. 

The characteristics peculiar to Fig. 34 are the multiple grinding stages, 
dictated by the fineness of the dissemination; the use of repeated clean¬ 
ings to build lead-concentrate grade in contradistinction to the method 
used in Fig. 33; and the regrind of scavenger zinc concentrate before 
final cleaning. The arrangement of items 16 to 23 is followed with 
some copper ores of the character described in connection with Fig. 30, 
item B. 

Figure 35, for an ore not uncommon in the Illinois-Iventucky region, 
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shows the familiar pattern of vertical extension that marks jigging (see 
Figs. 18 and comment, 22, 32, 33) plus the horizontal extension to the 
right that characterizes multiproduct flotation, exaggerated both 
vertically and horizontally in Fig. 35 by the fact that three valuable 
products are being made. The reason for hand picking (2) is the usual 
one that when an ore is coarsely disseminated, particularly if gangue and 
valuable mineral are readily distinguishable visually, both concentrate 
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I*io. 33. Lead-zinc mill. 


Siliceous gangue, coarse dissemination, 5% Zn, 1% Pb. 
12,000 t.p.d. 


and tailing can be made more cheaply than by mechanical means; 
additionally, in the present instance, lump fluorite commands a price 
premium of nearly 50% over the gravel sizes. The jigs are used because 
high-gra<le fluorspar concentrate is produced on them more easily and 
cheaply than by flotation despite the relatively low concentration 
criterion for fluorite and calcite, by making a tailing from them that 
runs up to 25% fluorite and being content with a gravel-size concentrate 
of metallurgical grade ((& 85% CaF 2 ). Acid-grade fluorite assays 
about 98% CaF 2 . 

Such common character as is found in the treatments of the crudes in 
subclass b of the present group lies in the great repetition of treatments 
required to make products that can compete with high-purity natural 
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or synthetic materials. Figure 30 for graphite shows very easy recovery 
(item 7) followed by five successive cleanings to reach the minimum 
salable grade of 80% C, during which the grinding necessary to sever 
gangue, although light, converts much of the relatively high-priced flake 
sizes into the low-priced dusts. 

Garnet (Fig. 3/) is used principally to make abrasive paper for wood¬ 
working. The crude is coarsely crystalline garnet associated with 
hornblende and feldspar, whence the essential separation is between 
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Fig. 36. Graphite plant. 
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the garnet (sp. gr. 4) and hornblende (sp. gr. 3) with a concentration 
criterion of 1.5. The coarser concentrates made on (12) and (13) 
command a higher price than the finer. Jigs 20, 22, and 23 are air 
jigs—not air-actuated water jigs of the Baum type (Fig. 15); they are 
said to yield better concentrates than tables or fine wet jigs. The 
general flowsheet pattern is the gravity equivalent of Fig. 30. 

The natural nitrate is saltpeter (sodium nitrate), which occurs as 
binding material in a hard clay (caliche) in the arid regions of Chile. 
I he essential features of recovery comprise crushing to 3 j-in. (2, 3, 4, 
Fig. 38), leaching the coarser fraction in a series of tanks (0) at gradually 
increasing temperatures up to 40 deg. C. and the fines at GO deg. C., 
and 1 hen prec ipitating the nitrate by gradual cooling down to 5 deg. C. 
The plant is run by Diesel power, and final cooling is obtained by 
ammonia expansion. The necessary heat is obtained from the Diesel 
exhaust gases and by exchange with the Diesel and ammonia-compressor 
cooling waters. Iodine and sodium sulphate are by-products. 
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Potash occurs as the mineral sylvite (KC1) associated with halite 
(NaCl), together with more or less clay in the surface deposits along the 
border of southeastern New Mexico and Texas. Separation by flotation 
is discussed in Chap. 15. Additionally the difference in the solubility- 
temperature curves between halite and 
sylvite (Fig. 39) is used to effect frac¬ 
tional crystallization of sylvite from 
brines containing the two. The charac- 66 
teristic features of the flowsheet shown 

in Fig. 40 are selective flotation of halite 50 - 

after activation with PbCl 2l using a t 

brine-soluble soap, e.g.. Coco-oil, crude * « 5 _ 

Cj 2 , as a collector; and cooling the cir- » 

dilating brine (item 18) that has been ? 40 _ 

denuded of NaCl to precipitate sylvite ^ 
for recovery in items 12, 1.3, and 14. ° ^ 

The separations of sulphur and of 35 / 

halite from rocky associates are accom- / 

plished by leaching the underground de- 30 Vp- 

posits with water introduced and re¬ 
moved t hrough separate casings in is I—-!___ 

drilled wells. . . c. 

The water for sulphur recovery is Flo . 39 . s«,abilities of KC1 and 

heated to upwards of 250 deg. F. under NaCl in water, 

pressure (150 p.s.i.g.) sufficient to pre¬ 
vent steaming. Percolating through the surrounding rock, it melts the 
sulphur and carries it in suspension to a lift-pipe inlet at a lower level 
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Fir;. 40. Potash plant. 
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wherein back pressure is reduced by introduction of air and the aerated 
water rises under the hydraulic drive of the nonaerated down-column. 
The efflux water-sulphur mixture, with the sulphur still largely molten 
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is run into large plank vats wherein the sulphur settles and solidifies and 
the water drains away. Subsequently the vat walls are removed, leaving 
great blocks of sulphur of high purity which are excavated by steam 
shovel and crushed, sized, and/or ground to suit market specifications. 

Salt is dissolved from rock in place by water at normal temperatures. 
The resultant brine is pumped to the surface. It is then used directly, 
after more or less concentration, in some chemical plants, or the salt 
is crystallized by evaporation and purified by recrystallization for 
marketing. 
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Fig. 41. Gravity concentration of a residual manganese ore. 


Manganese occurs as one or more of the various oxides or as the 
carbonate; the former either as sands, pebbles, or larger nodules and 
masses in residual clay-bound siliceous sands, or as vein materials in 
hard rocks; the carbonate as vein material. Recovery of nonporous 
oxides from siliceous materials is possible by gravity methods; the 
porous oxides must be separated by hand picking or dried and reduced to 
a size that permits high-intensity magnetic separation. Rhodoehrosite 
is readily separable from siliceous gangues by flotation with fatty-acid 
collectors. The oxides are floatable with the same collectors, but 
satisfactory commercial separation is difficult unless the gangue is 
exceptionally clean. The gravitj' flowsheet (Fig. 41 ) is typical of gravity 
concentration of residuals and would serve equally well for barite. The 
oxide flotation plant (Fig. 42) is unusual for soap flotation in the lack of 
desliming ahead of the primary flotation machines; slime is, however, 
removed in (11) before cleaning. The rhodoehrosite plant (Fig. 43) 
deslimes in (8) and effects further concentration by driving off CO 2 
in (15). 
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A unique situation arises in separating vein barite from associated 
quartz when a relatively impure barite to be used for drilling mud can be 
tolerated. A flowsheet is shown in Fig. 44. In item G, which is charged 
with a light load of small steel punehings, the soft barite grinds down 
while the quartz is very little affected. Pulp density is held at about 
3.4, and as a result coarse and sand-size quartz overflow with fine barite 
and are separated on items 7a, 9, and 10. 
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Fig. 42. Flotation concentration of manganese oxides from altered tuff. 


Chromite is obtained principally as a hand-picked product from high- 
grade foreign ores. A plant for recovery from mixed consolidated sands 
is shown in Fig. 45. It comprises rough concentration on tables, 
scuffing off slimes (11, 12), drying, and taking a further chrome-garnet 
concentrate with magnetic separators (15, 21), the tailing of which 
is rich in zircon. Garnet is separated from chromite by flotation (23). 
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I*ig. 13. Rhoclochrositc flotation mill. 

The principal domestic source of titanium is the enormous ilmenite- 
magnetite deposits of the Adirondacks. Foreign sources and some 
domestic sources are beach sands, both modern and ancient. These 
usually include more or less rutile—much richer in titanium than ilmenite 
—together with zirconium minerals and often some monazite. The 
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flowsheet of a recent Florida plant in which the siliceous components of 
the sands are eliminated on wet spirals and the residual heavier compo¬ 
nents are separated by a combination of magnetic and electrostatic 
separation is shown in Fig. 45a. 
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Tailing from 86 is reconcentrated 
for zircon in a separate plant by a 
spiral routing similar to items 
3 to 5. Concentrate is dried, then 
roughed and cleaned on electro¬ 
static machines with both rougher 
and cleaner tailing scavenged and 
rejected. Electrostatic zircon con¬ 
centrate is recleaned on high- 
intensity magnetic separators to 
scalp out magnetic impurities. 


Fic;. 45a. Humphreys Gol<l Corp., Trail Ridge Plant, for ilmenitc from an 

ancient placer. 


The Group IV ores (concentrated product valued at upward of Si00 
per ton) include those of the metals nickel, cobalt, tin, tungsten, 
molybdenum, mercury, tantalum, gold, silver, and the platinum group; 
and the nonmetals diamond and other precious stones, and long-fiber 
asbestos. 


Nickel in North American ores occurs as nickeliferous pyrrhotite, with 
chalcopyrite and precious metals, in aeid or basic igneous rocks. Gen¬ 
eral treatment procedure is to crush coarsely, size closely, and concen¬ 
trate the coarser sizes separately by hand picking and magnet ic separa¬ 
tion to make products for direct smelting, wherein the separation of 
nirkcl from copper and the precious metals and of both from the iron¬ 
bearing materials and gangue* is effected. The original fines and the 
rejects from coarse concentration are crushed, ground, and floated either 
to make a bulk sulphide* concentrate or separate* copper and nieke*l-iron 
e-oneent rates. 

Cobalt practice is not standardized. The sulpharseniele* is usually 
associated with pyrrhotite with which it is floated from the* rocky 
gangue* and thereafter separated magnetically, or by roasting to oxidize 
the* pyrrhejtitc and then re*floaling the cohalt mineral. 
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Tin occurs principally as cassiterite, which is not floatable com¬ 
mercially, although the usual iron-bearing cassiterites can be floated 
from clean siliceous gangues with fatty-acid collectors. Hence tin 
concentrate is made by gravity concentration. Smelter contracts 
for tin concentrate carry high penalties for the usual impurities and 
attractive premiums for high tin content. Therefore cleaning and 

successive recleanings of concentrate are 
the rule. Further the high price of tin dic¬ 
tates long-continued scavenging of tailing, 
and both considerations call for fine grind¬ 
ing of middling. 

Tin ores are both placer and lode. Placer 
tin is excavated by dredges and concen¬ 
trated as in Fig. 46. The flowsheet is not 
as simple as it appears. Discard of gravel 
from the big screen scrubbers (10 or more 
X 60 ft.) and of tailing from the jigs is 
simple, but the shore work-up in items 5 to 
10 comprises a battery of screens to split 
the jig concentrate into many short-range 
fractions, careful magnetic separation of the separate fractions, and re¬ 
peated hand jigging and panning of the non-magnetic products. Final 
concentrate is run up to as high as 76 to 77% Sn, whereas pure cassiterite 
is 78.8%. If gold is present, the finer tin concentrate is run over a 
blanket table and the table concentrate amalgamated. 

A flowsheet for lode-tin ore is shown in Fig. 47. The characteristics 
are careful graded crushing through 0-mm. in four stages, sizing at 3-mm. 
and 1-mm., and jigging the 3~6-mm. and 1 ~3-mm. fractions, re¬ 
crushing the coarser tailing and rejigging on the finer jig, grinding the 
coarser part of fine-jig middling after separating a tailing by tabling, 
then classifying the ground product into a number of grades, and tabling 
each separately to make concentrate, middling, and tailing on three- 
table sequences (cf. 39, 40, 41 and 42, 43, 44) with slightly different 
treatment of first spigot and overflow. Slimes are finished on revolving 
round tables (or shaking canvas tables). All concentrate is reground 
and floated to remove pyrite. 

Tantalite, with a specific gravity of 7 and not susceptible to flotation, 
is concentrated by the same general methods that cassiterite is. 

Tungsten occurs as tungstates of various metals, scheelite being the 
one usually mined. The greatest consumption is in steel making, for 
which concentrate should contain at least 60% W0 3 and less than 0.5% 
each of Sn, Cu, P, As, and S. Scheelite is extremely friable, wherefore 
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Fig. 46. Flowsheet of a tin¬ 
dredging operation. 
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Fig. 47. Lode-tin mill. 
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size reduction is in small steps with intervening removal of fines (see items 
3 to 8, Fig. 48). Rough elimination of rocky gangue is made readily on 
tables, whereupon fine sulphides are floated, pyrite is lightly roasted to 
magnetic form and removed with magnets, and the remaining concen¬ 
trate is dead-roasted to eliminate S and As from nonmagnetic material. 
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Fig. 48. Scheelite mill. 


Molybdenum is used principally in alloy steels. Its main sources are 
the tremendous deposit of low-grade finely disseminated molybdenite 
at Climax, Colo., and the even lower-grade occurrences in several of the 
disseminated copper ores. Market demand is for concentrate containing 
upward of 85% MoS r , whence, despite the ease with which molybdenite 
is floated, repeated cleaning with or without intervening regrind of 
concentrate is necessary. Figure 49 shows the flowsheet at Climax. 
Recovery from copper ores is made by a differential float from molybde¬ 
num-bearing copper concentrate by destroying the sulphydric collector 
coating on the copper minerals by heat (wet or dry) and then refloating 
the molybdenite with hydrocarbon oil alone as the collector. 

Mercury occurs principally as cinnabar. Ultimate recovery depends 
on the fact that when cinnabar is heated to a moderate temperature 
(500 — GOO deg. C.) it decomposes to mercury and sulphur vapor and 
that if the latter is burned, subsequent condensation of the mercury 
constitutes final separation. Such heating will free the mercury from 
0.25% ore crushed to 2-in. limiting; hence although cinnabar is readily 
concentrated by either gravity or flotation methods, much of it is merely 
hand-sorted and furnaced. Figure 50 is the flowsheet for a crude 
containing about 4.5 lb. Ilg per ton. 
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Of the precious metals, gold and platinum are commonly found in 
metallic form. Silver occurs in largest quantity in lead ores, either as 
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Fig. 40. Climax Molybdenum Co. 

an atomic displacement in galena or as finely disseminated sulphides, 
sulpharsenides, and sulphantimonides in or closely associated with 
galena; occasionally with cassiterite and with cobalt minerals. It also 
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Fig. 50. Mercury retort mill. 
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an alloy in most metallic gold, and as an alloy with copper 
copper ores, ami associated with tetrahedrite in many copper 
ores. Treatment in a rare ease in which it is the value of 
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principal interest in the product is shown in Fig. 51. The characteristic 
of the treatment is the repeated scavenging to bring tailing grade down 
to 0.8 ~ 0.9 oz. per ton. 
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Fig. 51. Mill for silver ore (argentiferous tetrahedrite). 


Platinum is obtained principally from placer deposits. Concentrate 
production is like that for placer gold (Fig. 52) except that amalgamation 
as an aid to catching in sluices is not applicable, but platinum can be 
amalgamated by grinding with sodium or zinc amalgam with a variety 
of added chemicals, and this method is used in cleaning up sluice con- 
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cent rates. Considerable platinum has been recovered from nickel¬ 
bearing pyrrhotites, but this is a smelting operation subsequent to 
separation of the nickel. There are also scattered deposits of platinum 
arsenides and sulpharsenides which are treated by gravity concentration 
and flotation. 

Gold occurs in a great variety of forms. Simplest recovery is from 
placers. The greatest amount is recovered by cyanidation. But many 
lead and copper sulphides carry gold and silver in amounts ranging 
from less than enough to pay for recovery except as an incident in 
recovery of the base metals, to an amount such that the base metals are 
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important only to the extent that they pay for the extraction of the 
precious metals. 

The elements of the dressing method for placer-gold recovery are the 
same whether the rough concentrate is made in a miner’s pan at the 
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Fig. 53. Mill for an ore containing relatively coarse metallic gold with little 

sulphide in a siliceous gangue. 


rate of %5 cu. yd. per hr. or on a dredge at 15,000 times that rate (000 
cu. yd. per hr.), which is about the maximum -digging capacity of the 
largest present-day dredges. The essential steps are shown in Fig. 52. 
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Fig. 54. Amalgamation and cyanidation. 


A flowsheet used for a lode ore containing gold coarse enough to be 
caught substantially completely by simple gravity methods is shown 
in Fig. 53. A plant for finely disseminated gold in an ore containing 
but little sulphide is diagrammed 
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in Fig. 54. Several different 
cases arise with sulphide ores. If 
the gold is principally in the sul¬ 
phides and these are principally 
iron with little or no Cu or As, 
the sulphides are concentrated by 
flotation and the concentrate cy- 
anided as in Fig. 55. When cop¬ 
per sulphides are present, in sufficient, quantities to consume excessive 
amounts of cyanide and/or appreciable amounts of galena are present, 
flotation of sulphides comes first, and tailing is eyanided or discarded 


Fig. 55. Flotation and cyanidation of 
sulphide-gold concent rule. 
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according to the amount of contained gold. The only essential differ¬ 
ence in concentration from usual sulphide flotation practice arises when 
the gold is coarse enough to cause difficulty in flotation. Under these 
circumstances a gravity concentrator, e.g., a small jig or a shaking table, 
will be placed in the grinding circuit, usually between the grinding-mill 
outlet and the classifier, or a blanket table will be placed to treat flota¬ 
tion tailing. It is also common practice when gold is in the sulphides 
to scavenge to a much greater extent and with more intense flotation 
than in its absence. 

Diamond concentration is interesting from several angles. The 
hardness of the diamond (10 on Moh’s scale) and its density (3.5) are 
such that it concentrates to a certain extent in placers; the concentra¬ 
tion criterion (about 1.5 in water) permits gravity separation in water. 
This is done by careful hand panning in the South American placer fields. 
In South Africa, where the diamonds occur in a relatively brittle volcanic 
rock, they are liberated by stage crushing in primary crushers and rolls 
to <l-in. with intermediate picking of coarse waste. The crushed 
material is roughly concentrated by agitation in a thick pulp in large 
shallow tanks (diamond pans), in which a sink-float action similar to 
that in a Menzies cone (Chap. 9) is set up. Pan concentrate is cleaned 
in jigs, and jig concentrate is passed over a grease table (Chap. 19). 
The concentrate from the grease table is carefully hand-picked. 

Separation of asbestos depends upon the tough and fibrous character 
of the mineral, which causes it to fluff' up with relatively light hammer 
milling. Thereafter it is separated from associated granular fragments 
by “sucking” it into hoods like the feet of household vacuum sweepers, 
which are suspended above flat shaking screens over which the mixture 
is passed dry in a thin sheet. 

The general significances of the shapes of the various flowsheets of this 
chapter are indicated graphically in Fig. 56. Three-stage crushing with 
crusher feeds scalped is the norm, with an additional stage at the head 
end to accommodate open-pit or quarry feeds. Gravity or magnetic 
concentration with preparatory sizing plots as a down-leg, normally 
slanting somewhat to the right, at the end of crushing. The downward 
reach of this leg depends, of course, upon the number of size fractions 
made, which depends in turn upon market demands for sized products 
or upon the difficulty of separation and the economy of multiplying 
steps to effect recovery or make concentrate grade. Horizontal breadth 
of the down-leg is a function of the number of mineral separations made 
at the different sizes. Two stages of grinding is the norm for a product 
of 65-mesh limiting, but this may increase to three if the rod mill is 
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made essentially a fine crusher. An additional terminal stage is nor¬ 
mally needed for 100- or 150-mesh limiting, and another, or longer mills, 
for 200- to 300-mesh limiting. Flotation needs as many roughing stages 
as the number of mineral species floated, and the number of scavenging 
stages for each rougher stage increases with the unit value of concen¬ 
trate. The length of the cleaning down-legs depends upon market 
specifications for products and the difficulty in meeting them, together 
with the distance to markets and transportation charges. The gist of 
dressing economics is in Fig. 50; the measure of an engineer’s capacity 
lies in his ability to proportion the various parts to fit his ore. 

Review Questions 

1. Define: flowsheet; machine stage; concrete aggregate; land plaster; pebble 
phosphate; fish-oil fatty acids; rank of coal; bone (in coal terminology); bituminous 
coal; lignite; anthracite; domestic sizes of anthracite; wash ores; saltpeter. 

2. Name the determiners of the content and form of an ore-dressing flowsheet and 
state the primary effect of each determiner on the form to be adapted. 

3. What are the cheap and what the expensive operations in an ore-dressing mill? 

4. Discuss the characteristic advantages of the various forms of mill flowsheets. 

5. State the flow conventions used in the shorthand flowsheet. 

6. Discuss the significance of the overall shape of a shorthand-flowsheet pattern. 

7. State the characteristic features of flowsheets for: precious-metal ores; finely 
disseminated simple sulphide ores; coarsely disseminated simple sulphide ores; 
complex sulphide ores; wash iron ores; concentratable iron ores; lode-tin ores; 
schcelite ore; pebble phosphate; fluorite; low-grade coking coal; raw anthracite; 
molybdenite; manganese oxides. 



APPENDIX 


The laboratory is the place to teach ore dressing. Properly used, it 
is a drill ground for the much more important arts of observation and of 
inductive and deductive reasoning. 

The instructor with an empty laboratory, a reasonably well-lined 
laboratory pocketbook, a few good friends among the machinery manu¬ 
facturers, and active imagination is lucky—if his aim is to teach ore 
dressing. For then he can beg or borrow the very few machines that 
he needs, and retain his space and pocketbook lining for the apparatus 
and instruments with which the principles of dressing machines and 
processes may be probed and learned and taught. 

The laboratory instruction sheets which follow are examples of those 
presently vised in the elementary ore-dressing course at Columbia. 
They were designed to elicit data by means of which cause-and-effect 
relationships leading to recognition and understanding of the basic 
phenomena of the principal dressing operations can be developed. 

Most of them arc the distillate of many years of trial-and-error changes 
made in the light of student performance and advance in instructor 
knowledge. The order in which they are set down is that in which the 
author would like to have them performed, but which lack of correlation 
between numbers of students and items of equipment normally forbids. 

Laboratory instruction comprises quizzing to aid interpretation of 
the data on the spot and to encourage supplemental experimentation to 
explore postulates developed during the discussion. 

A few questions of the type that have proved useful are appended to 
each instruction sheet. 

An analytic report (see p. 573) is required to be presented during the 
week following completion ot an experiment. 

The concept underlying all the instruction sheets is that the important 
thing to be taught is the method of analyzing the mechanism of a ma¬ 
chine or process. For this purpose it makes no difference what the 
machine or process is. The method invariably is to break the operation 
down into elemental parts and to study these separately. 

Laboratory notes should be; kept in a tight-leaf notebook, preferably 
quadrille-ruled, with pages about 7 X 10 in. They should be neatly 
kept and represent a reasonably complete record of laboratory results. 

50'J 



510 


APPENDIX 


Each day’s notes should be dated. They should be handed in for 
grading at intervals. 

It is the intent to train neither operators nor superintendents. Em¬ 
ployers expect to pay the former during their apprenticeship and insist 
on doing their own molding of the latter. The valuable young man is 
the trouble shooter; he is doubly valuable if he has the ability to suggest 
remedies. It is these capacities that the laboratory experiments pre¬ 
scribed seek to develop. 

It is to be expected that instructors with different equipment will 
prescribe different experiments perforce, and that those with better 
ideas will prescribe better experiments. Certainly those prescribed at 
Columbia will be different in many details after next year’s experience 
with the present ones. This is always true. But the young instructor 
can go ahead with the present set with the assurance that both he and 
his students will finish the year with many more unanswered questions 
than they started with, which, in the author’s viewpoint, is a hallmark 


of education. 

A list of the experiments described follows: Page 

1. Hand sampling and screen testing 514 

2. Hand picking 517 

3. Screening 519 

4. Magnetic separation 521 

5. Hydraulic classification 524 

0. Sink-float separation 528 

7. Hand methods of concentration 532 

8. Shaking table 536 

9. The function of middling 538 

10. Introduction to flotation 540 

11. Chemistry in collecting and conditioning 542 

12. Aeration and bubble attachment 546 

13. Gas-liquid interfacial phenomena 553 

14. Flotation machines 560 

15. Jaw crusher 562 

16. Rolls 566 

17. Movement of tumbling bodies 568 

18. Grinding in tumbling mills 570 
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1. HAND SAMPLING AND SCREEN TESTING 

Screen testing and chemical analysis, often jointly applied, are the 
usual means of following the performances of an ore-dressing operation. 
The materials for both methods of test are obtained by sampling. 
Control samples in regular mill operations are normally taken by auto¬ 
matic machine samplers (Chap. 23). Laboratory samples, on the other 
hand, are usually taken manually. The following experiments are 
designed to introduce the student to the techniques of hand sampling 
and screen analysis. 


Objects: 

1. To study particle paths in common hand-sampling procedures. 

2. To test the relation between particle size and the sample weight 

that will give reproducible sizing analyses. 

3. To study particle behavior in hand-manipulated testing sieves. 

4. To investigate methods of graphical analysis of screen tests. 

Equipment: 

Smooth sampling floor, preferably not smaller than 15 X 20 ft. 1 wo straight- 
edged D-lmndled shovels in good condition. A 1 X 6-in. board, 6 to 8 ft. long, with 
a i ,'s X 3-in. steel strap set firmly into one edge. Floor brush. Platform scales, 
500-lb. and 50-lb. capacity. Pulp balances, 10-lb. and 500-gm. capacities. Jones 
riffles with 1-in. and « *-m- slots together with fitting pans and scoops. Tyler testing 
sieves (8 in.) from 200-mesh to 1.05-in. and square wood-framed screens, preferably 
18 to 24 in. on a side, shod with 1.5-in., 2.1-in., and 3-in. cloth. Sample tins, buckets, 
and cans. Scoops of convenient size for transferring size fractions from sample tins 
to scale pans. A screening table about 30 in. wide, 5 ft. long, and 38 to 40 in. high, 
with 3-in. back and end walls and no front wall, covered with best-grade heavy 
battleship linoleum. Scale tables, preferably separate, adjoining at the two ends, 
with just enough surface area to carry the scale, the weights, the scale brush, and 
scoop and leave room for tilting the scale pan over the scale scoop. (This to prevent 
the cluttering that inevitably results in loss of weights and damage to the scales.) 

Materials: 

I^>ts of crushed rock (dry) of about 1-ton weight each and limiting sizes of 4-in., 
2-in., 1-in: ami of 1 /-ton weight each and limiting sizes of J a -in. and ‘ 4 -in. 

Procedure: 

1. Weigh the 1-ton lot of < -1-in. rock in cans and then dump into a 

heap near one end of the sampling floor. 

2. Shovel the lot from the heap to tin easily adjacent point on the 
floor, hut in so doing place each fifth shovel load alternately into a 
sample can. (Thus one can receives the 5th, 15th, 25th, etc., shovel 
loads, and the other the 10th, 20th, 30th, etc.) 
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3. After the heap has been completely shoveled up, determine 
and record the net weights of the two canned lots in laboratory note¬ 
book. 

4. Sift each of the canned lots separately on the lJ/£-in. screen and 
then sift the oversize successively on the 3- and 2.1-in. screens. De¬ 
termine and record the various size fractions, calculate their percentages 
of their respective original lots, and compare. 

5. Return all material to the original heap and then shovel this into 
a roughly conical heap near one end of the sample floor. 

6. Take a shovel load from the heap by pushing the shovel along the 
floor radially inward until it is fully loaded but does not spill over the 
back. Lift shovel with load and place carefully on the floor. Sketch 
particle-size distribution on the surface of the load. 

7. Now move to a location on the floor removed about 10 ft. from 
the existing heap, hold the shovel load comfortably in front of you at 
about hip height centrally over a marked spot on the floor, and suddenly 
drop the shovel blade from beneath the load in such a way as to permit 
the load to drop vertically to the floor. (The load should not receive 
any horizontal impulse in this procedure.) Sketch the size distribution 
of the dropped material on the floor with respect to the position of the 

shovel before the load was dropped. 

8. A crew-mate should now repeat (6) and (7), but working on the 
opposite ends of the same diameters on which his predecessor worked. 

9. The two men should now, always opposite each other and working 
around the heaps about one shovel width at a time, transfer the entire 
first heap to the second. Shovel loads should be decreased as the first 
heap diminishes, the minimum extent of decrease being that which in¬ 
sures that the apex of the diminishing heap collapses without toppling 
side-wise as the result of too large a shovel load. The behavior of 
particles of different sizes as they are dropped on the growing cone should 
be carefully observed and recorded. The residual fines from the first 
heap should be brushed onto one shovel and dropped onto the apex of 
the new cone. The material surrounding the new cone should be 

brushed in radially against its base. 

10. Make a sketch of the finished cone, showing particle-size distribu¬ 
tion along a surface element. In shoveling away this cone as directed 
in the following item, the crew should observe carefully both the sizes 
of particles on the shovel loads that they remove and the size distribution 
in the remaining heap with a view to sketching size distribution along an 

axial section of the heap at the end of (9). 

11. Shovel away the heap built in (9) by the same procedure followed 
in building it, except that operator A should put his 5th, 15th, etc.. 
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shovel loads into one sample can and operator B should put his 10th, 
20th, etc., loads into another. 

12. Weigh the samples and then sift each as in (4), but keep the 

undersizes of the l)^-in. sieve separate. 

13. Shovel one of the undersizes of (12) into a rough cone, then build 
a cone as in (9), and shovel away as in (11), except that each operator 
alternately puts his fifth shovel into a single sample can. Weigh. 

14. Repeat (13) with the other undersize of (12) to make a separate 

sample. 

1. M 1,000 lb. (Weigh) 

Figure for 

Cone an d quarter (C & Q) 

I 

±500 lb. (Weigh) 

I 

C & Q 


±500 lb. (Weigh) 
Continue as other 
branch. 


Reject after weighing. ±250 lb. ±250 lb. (Weigh) 


C & Q 


Reject after weighing. ±125 lb. 


125 lb. (Weigh) 


C & Q 


(Weigh) ±62.5 lb. 


C Q 


±62.5 lb. Weigh and 
sieve on ^g-in., 3- 
and 4-mesh sieves 


r 


(Weigh) ±31.2 lb. ±31.2 lb. 


a 


C A Q 


I 

(Weigh) ±15.6 lb. 


15.0 lb. 




C&Q 


I 

z7.8 lb. ±7.8 lb. Weigh and screen each separately 

down to 10-mesh and weigh all frac¬ 
tions, including undersize. 

Note: It should be borne in mind in all cone building and reduction that, if the 
cone axis does not remain vertical throughout. the distribution of fines cannot possibly 
remain uniform with respect to the axis, and that sample or reject, or supposed 
duplicate samples, will he overweighted with fines. Assay samples as well as sizing 
samples will be affected because either valuable or waste mineral (usually the former) 
almost invariably concentrates in the fine fractions of a crushed product. 
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15. With each of the samples obtained in (13) and (14) screen roughly 
on a )^-in. (3-mesh) screen and rescreen the oversizes on the coarser 
test sieves, beginning with the 1.05-in. Add the final undersize of the 
J^-in. sieve to the original undersize thereof. Weigh all fractions. 

16. Repeat (9) and (11) to (15) inclusive with the 1-ton lot of <2-in. 
material. 

17. Weigh out 1,000 lb. of the < J4-in. material. Build a rough cone 
and from it cone as in (9). Then with a shovel held with blade tan¬ 
gentially to the cone circle drag the upper material out radially and 
evenly, starting near the bottom, and working gradually around and 
around the heap until a pancake about 3 or 4 in. deep with its center on 
the original cone axis has been formed. 

18. Mark off the pancake into quarters, using the steel-edged board, 
working the edge down on the perpendicular diametral lines until last¬ 
ing grooves remain at the surface. Then shovel out opposite quarters 
and combine them into halves. Weigh the halves. 

19. Repeat (17) and (18) on each of the halves separately according 
to the scheme on the bottom of page 513. 

20. Weigh out an 80-lb. lot of material. Riffle it according 

to the following schedule (see Chap. 23 for procedure): 

80 lb. 

I 

1-in. Riffle 


±40 lb. (Weigh) ±40 lb. (Reject) 

I 

Riffle 

r I 

±20 lb. (Weigh) ±20 lb. (Reject) 

I 

Riffle 

|-1 

±10 lb. (Weigh) ±10 lb. (Reject) 

I 

Riffle 


±5 lb. (Weigh) ±5 lb. 

Screen to 

14-mesh. Riffle 

I-1 

±2.5 lb. (Weigh) ±2.5 lb. 
Screen to 

14-mesh. Riffle 


±1.25 lb. (Weigh) 


±1.25 lb. 
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Sieve each of the final lots through the complete screen series to and 
including 200-mesh. 

21. Sifting routine. Time is saved and error minimized in screen 
testing by a reasonably close approximation to the following procedure: 

a. Nest sieves in order, coarsest on top and a pan on the bottom, and 

place them at the working position. 

b. Line up along the back of the screen table, within convenient reach 
from the working position, a number of empty clean sample tins equal to 
one more than the number of sieves in the nest. 

c. Weigh sample for test and record weight on a sheet suitably ruled 
for a complete record of the test and with columns for fraction weights, 
calculated weight per cent, and cumulated weight per cent. 

d. Place sample on top screen. Rock nest to shake bulk of material 
through top screen, then remove this screen, and transfer it carefully to 
an extra pan already in position at the working space. 11 this is done 
without jar there will normally be no loss through the screen. 

<. Shake the screen in any convenient fashion that keeps the load 
moving over the screen surface in a thin sheet. Occasional jarring by 
striking the screen-pan combination against the heel of the hand helps 
to minimize blinding. Observe closely the behavior ol particles on the 
coarser sieves, the shapes that tend to stick in the meshes and, during 
the procedure of item/ following, the shapes of the particles that come 
through in the later stages. Compare these with the shapes of the parti¬ 
cles, constituting oversize of the following screen, that go through in 
the early shaking. 

f. When the end point is suspected, remove the pan and dump its 
contents onto the next screen (the top screen of the residual nest), 
replace the empty pan, and shake in t he regular fashion for a definite 
time interval, e.g., I min. Repeat until not more than 1% of the 
material on the screen passes through in this interval. 

(j. Reverse the screen carefully over an empty pan, and holding 
screen frame and pan in register, strike the pan one or two sharp, but 
not heavy, taps against the table top. Sot the screen on the table upside 
down a t a point within convenient reach. Transfer the pan contents to 
the scoop and thence to the left-hand sample tin. 

//. Repeat (tl) to Uj) with each screen in order, placing the fractions 
in the pans in corresponding sequence, final undersize going into the 
last pan. 

, WYigh the fractions in order, returning each to its pan as weighed. 
Total the weights and compare with the original sample. If there is a 
gain or the apparent loss exceeds 2 t / Vl reweigh. Otherwise the fractions 
may now be disposed of. 
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Time: 

The experimental work outlined will require about 9 hr. 

Report: 

The report should comprise: 

A. Descriptions of particle paths under gravitational forces in the various sampling 
operations, and of the size-distribution patterns that result. 

B. Explanations of the path differences in terms of standard mechanics. 

C. Weight balances on each lot. 

D. Comparisons of weight fractions and of size-fraction percentages at comparable 
points and argued conclusions therefrom as to minimum allowable sample sizes for 
the different lots. 

E. Graphical representation of one of the screen analyses of Procedure 20 by the 
methods of plotting given in Chap. 3. 
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2. HAND PICKING 

Object: 

To determine the comparative weights of the factors that control 
the effectiveness of a hand-picking operation. 

Apparatus: 

Smooth floor. Strong table with planed top about 24 in. wide, 6 ft. long, and 4 ft. 
high. 2 X 12 plank of same length with blocking therefor to vary its height from 
the floor in 2- and G-in. steps. Belt, shaking or vibrating feeder receiving from a 
hopper of 500- to 1000-lb. capacity; surface of belt or tray about 4 ft. from floor. 
The feeder should be capable of variation in speed of passage of material past a 
fixed point within the range of 10 to 100 f.p.m. and of carrying a load up to G in. 
deep. An assortment of boxes or ash cans of various sizes. Timer clock. Scales. 
Lighting adjustable as to intensity, position, and, if possible, actinic character. 
Shovels, hoes, rakes, etc. 


Materials: 

Long- and short-range mixtures in various proportions of quartz or feldspar and 
limestone; anthracite and slate; magnetite and gneissoid gangue; or equivalents. 


Procedure: 

In performing the experiments herein listed the student who is doing 
the picking should drive himself to the utmost speed consistent with 
maximum possible removal of picked material and its accurate disposal. 
He should also attempt to analyze his own physical and nervous re¬ 
actions. Other students in the crew should watch the operator closely 
from the standpoint of motion study. 

1. Place a batch of about 100 lb. of, say 3 ~ 2-in. quartz-limestone 
mixture, containing about one-third quartz, in a heap on the table top. 
Arrange average lighting and a conveniently placet! receptacle for picked 
material. Compare picking rates with the same picker at different 
heights between table top and step top. The picker should determine 
what part of his own actions or reactions has been predominant in his 
decision that a particular height was best for him. Record your height 
and the general nature of your eyesight. 

2. hatch member of the laboratory crew should perform (1). 

3. With the same feed and lighting, pick the same material on the 
floor within a marked-off space of the same shape and area as the table 
top. 

4. With the same feed and lighting pick the same material on the 
conveyor running at lowest speed with a load 1 gr. deep and with 
receptacles conveniently placed. 
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5. With the same feed and bed thickness, increase conveyor travel 
by steps of 10 f.p.m. and compare removal rate and completeness. 

6. At the optimum speed determined in (5) feed 2 ~ 1-in. material 
1 gr. deep. 

7. At the same speed and with the same material as (6) treble the 
feed rate. 

8. At the optimum conveyor and feed rates determined in (5) feed 
3 ~ %-in. material. 

9. Compare removal rate and completeness for short-range feeds of 
the same size with the three different materials. 

10. Compare removal rates to a given degree of completeness from a 
fixed surface on difficult materials, e.g., quartz and limestone at 2 ~ 1-in. 
size, with various lighting arrangements. 

11. With the best lighting arrangement, pick the same material as 
used in (10) on the same surface, but wash the feed first by spraying the 
heap with a strong stream. 

12. Determine by comparative performances on the same feed under 
the same physical conditions the effect of some compelling distraction, 
e.g., a radio or television report of a football or baseball game. 

13. Repeat Procedure 1 at optimum height at the beginning and end 
of the second session. 

Laboratory Questions: 

1 Identify all the forces that act on the particles in the separating 
zone in hand picking. 

2. Identify and explain the discriminating force. 

3. Identify the factors that affect the discriminating force. 

4. Describe carefully the motions involved in removing a particle 
from the separating surface and disposing of it. What are the time 
limitations to this act? By what arrangement would it be most 

facilitated? 

Time: 

The laboratory work should be planned to be completed as outlined within two 
3- or 4-hr. laboratory periods. 

Report: 

The report on this experiment should comprise conclusions, substantiated by test 
data as to the best method of operating a separation by hand picking, the limitations 
of the operation, and the relative incidences of the several variables on completeness 

of removal and cost. 
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3. SCREENING 

Objects: 

1. To study the mechanism of screening. 

2. To determine the factors that affect screen capacity. 

3. To determine the factors that affect screen efficiency. 

Apparatus: 

A vuriable-slope fixed screen 1 ft. wide by 6 ft. long (about H-in. aperture), and 
an undersize trough 2 ft. wide by the same length transversely partitioned by stiff 
sharp-edged sheet iron at 6-in. intervals. A screen like the above but shod with 
10-mesh cloth. Screen cloths should be tightly stretched both sidewise and length¬ 
wise to eliminate bellies. Testing screens of the same apertures as the experimental 
screens. A set of Tyler testing sieves. 

Materials: 

500-lb. lots of < 2-in. crushed rock (trap, granite, or limestone), < M-in. crushed 
rock, and < 2-in. bank gravel. 


Procedure: 

1. Sot the screen at 45° slope with a 1-ft. adjustable smooth feed sole 
on the same slope. Select half-a-dozen 2 ~ 1 Y 2 -\i\. crushed-rock and 
the same number of 2 — 1 ^ 2 -in. gravel particles as test pieces. Stand¬ 
ardize your count of 1, 2, 3, 4, 5 to a 1-sec. interval. Determine the 
average times for the six particles of crushed rock and of bank gravel 
to traverse the length of the screen when started from rest singly from 
the top of the feed sole. Make at least 5 tests of each lot. Observe 
closely the behavior of the particles on the screen. 

2. Repeat (1) with the feed sole set at 30°. 

3. Repeat (1) with the feed sole horizontal and with the particles 

simply toppled therefrom onto the screen. 

4. Repeat (1), (2), and (3) with 1 Y> ~ 1-in. particles; with 1 ~ Y*- 
in. particles; with >2 ~ H-m. particles; with Y ~ H-\n. particles. 
I 11 the case of the undersize particles, record the undersize compartments 
that they occupy after passage. 

">. Repeat (1), lowering the slope of the screen by 5° at a time but 
holding the slope ot the teed sole at 45°. 


Notk: When a particle catches in a mesh determine, if possible, in what way it 
or its behavior differs from other particles in its group. Examine its position in the 
mesh. If, with the undersize feeds in item 4, some particles pass and others do not, 
attempt to isolate causes. The purpose of the preceding procedures is to attempt 
to determine as completely as possible the actions of partieles of different sizes and 
shapes on a lightly loaded screen. 



520 


EXPERIMENT 


[Appendix 


6. With the screen and feed sole at 45° slope, feed the screen over the 
sole with the crushed material as fast as possible without having obvious 
fines in the oversize. Record the rate. Collect and weigh the fractions 
of undersize in the compartment receiver. Make screen tests of the 
oversize on a test sieve made of the same cloth as that of the working 
screen. Size each undersize fraction on a nest of sieves with an interval 
ratio of 2. Observe closely the behavior of material passing across the 
screen surface. Examine the screen for blinding and note the conditions. 

7. Repeat (6) with the gravel. 

8. Make a capacity run with the < feed on the 10-mesh 

screen as in (6). Test only for undersize in oversize. 

9. Make runs as in (4) with M: ~ ~ an< ^ 10 14- 

mesh particles on a vibrating screen at medium vibration and at a 

slope of 35°. 

10. Make a run as in (6) on the vibrating screen with 10-mesh cloth 
at 35° slopes. 

11. Repeat (10) at 75% and at 50% of the feed rate but test only for 
undersize in oversize. 

12. Repeat (10) at 30° slope but test only for undersize in oversize. 

13. Make indicator cards of the vibration of the screen. 

Laboratory Questions: 

1. What effect do oversize particles have on the passage of undersize 
particles through the screen? 

2. What shape of particle is the worst offender in blinding? 

3. What effect does the slope of the screen have on the passage of 

undersize? 

4. What is the approximate percentage of opening in the ^-in. screen. 

5. IIow do undersize particles pass over the screen? 

G. How does the length of particle jumps vary with (a) particle size; 

(b) particle shape? 

7. How does the rate of travel of undersize particles along the screen 
affect their probability of passage through an aperture? 

Time: 

Two laboratory periods should be allotted to this experiment. 

Report: 

The report, should comprise an analysis of the data from the cause-and-effect 
standpoint with attempt, at explanation in terms of accepted principles of mechanics. 
It, should also include argued answers to the questions implied in the “Objects. 
There should also be an attempt at analysis on a probability basis. 
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4. MAGNETIC SEPARATION 


Object: 

To study the principles of the magnetic separator. 


Apparatus: 

A helt-type two-pole high-intensity magnetic separator fitted with ammeter, 
voltmeter, means for varying the magnet current, speeds of feed and take-off belts, 
and feed rate. A tracer compass needle about 3-i >”■ length. A rule. Pieces of 
sheet copper and of sheet iron large enough to shield an upper-magnet pole piece. 
A nonmagnetic frame on which to support a particle midway between upper anti 
lower poles when these are at. maximum distances apart. Quarter-inch cubes or 
spheres of copper and of soft iron. 


Feeds: 

Artificial mixtures of magnetite-quartz and garnet-quartz of short 
range, and individual pieces of various minerals as noted in the Pro¬ 
cedures. 

Procedure: 

1. Study the wiring diagram and determine therefrom the function 
of all panel controls. Check by operating. Study the shape of the pole 
pieces and determine how interpole distance is controlled. 

2. With maximum interpole distance and magnet current at a value 
that will affect the tracer compass at all positions in the vicinity of the 
poles, plot the positions of the compass needle in the two vertical axial 
planes of the magnet. Repeat with the sheet of copper held hori¬ 
zontally against the upper pole. Repeat with the iron plate similarly 
Hold. 

3. Using single particles of magnetite, pyrrhotite, garnet, and quartz 
of tin* same size, study their relative alt ractabilitv by placing them on the 
feed belt in the plane of symmetry of tlu* pole pieces and then energizing 
the magnets. Vary the current and interpole distance independently. 

-1. Repeat (3) with magnetite particles of the following sizes: 
10 —, l 1-mesh, 1 I ■—• 20-mesh, 28 — 33-mesh, -IS •—• (io-mesh, 100 —- 200- 
rnesh. In this test a piece of cellulose acetate tape should he placed 
temporarily on a section of the feed belt and the* particles disposed 
thereon. 

5. I'sing a combination of interpolo distance and energizing current, 
which is just insufficient to pick up a single magnetite particle when 
placed on the feed belt in the symmetry plane, determine the effect on a 
group of magnetite particles. Repeat with different sizes. 

0. Using a 10 ~ I 1-mesh magnetite particle and some fixed interpole 
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distance and current density, determine the response of the particle to 
the magnetic field when the particle is located at different distances from 
the plane of magnetic symmetry. 

7. Retain the same current and pole settings as in (6). Start feed 
belt, put particle used in (6) into feed hopper, tap side of hopper with a 
pencil until particle falls onto the feed belt. Observe performance in 
magnetic field. Repeat at different feed-belt speeds. 

8. Place a close-packed, single layer of quartz particles on the feed 
belt. On top of this layer place a single magnetite particle and cover 
this with another layer of quartz particles. Bring array into the gap, 
energize magnets, and determine behavior. 

9. Repeat (8), reversing the positions of quartz and magnetite. 

10. Place a single particle of magnetite on feed belt in the gap. 
Interpose a sheet of copper between top pole piece and particle. Ener¬ 
gize magnets and observe. Repeat, using a sheet of iron. 

11. With maximum interpole distance place the standard provided 
in the axial plane of the poles and place upon it similarly shaped 
pieces of soft iron and of copper. Energize the magnet to the maxi¬ 
mum possible value that does not move these pieces. Trace field lines 
around the pieces with the tracer compass. 

12. Place 300 gm. of 10 ~ 14-mesh magnetite-quartz mixture in 
feed hopper. 

13. Vary adjustments: 

a. Feed rate. This should be the maximum possible (capacity). 

b. Current density. This should be a minimum (power cost). 

c. Interpole distance. 

d. Speed of feed belt. 

e. Speed of take-off belts. 

Note effect of each change in adjustment. 

14. When inspection with a hand lens indicates that concentrate and 
tailing are of best possible grade, take samples of the products, label, 

and deliver to assistant for assay. 

15. Repeat (13) and (14) with 14 ~ 28-mesh magnetite-quartz. 

16. Repeat (13) and (14) with 28 — 35-mesh magnetite-quartz. 

17. Repeat (13) and (14) with 10 ~ 14-mesh garnet-quartz mixture. 

Questions that should be explored in preliminary fashion in the laboratory 
and argued in the report 

1. What relation exists between the lines traced out by the tracer 
compass (compass lines) and the force exerted on a particle by the 

magnet? 
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2. What effect must a particle have on the compass lines in order that 
the magnet may exert a measurable force on the particle? 

3. What relation exists between the compass lines and the interpole 

distance? 

4. What does the shape of the compass lines signify? 

5. Identify all forces acting on a magnetic particle resting on the 
moving feed belt entering the magnet field; on a nonmagnetic particle. 

0. What effect does the relative quantity of current flowing have on 

the compass lines? 

7. Do the data indicate that either particle volume or particle diameter 
affects the force exerted by the magnet on a given particle'’ If so, 

which? . 

8. What is the cause of the lack of constancy of the ratio of magnetic 

pull to particle weight for particles of the same substance but different 
sizes and shapes? 

Time: 

It will require two full laboratory sessions to perform the experiments listed and 
insure that the crew is correctly pointed toward the answers to the laboratory 
questions. 

Report: 

It is possible from the observations taken herein to develop the general theory of 
magnetic separation and thereupon, by use of the method of dimensional analysis 
(see Chap. 4), the general form of the equation relating the several variables. The 
student should do this, using his own experimental facts in the development. 
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5. HYDRAULIC CLASSIFICATION 

Objects: 

1. To study the settlement of solid particles in still water. 

2. To study the effect of rising currents of water on solid particles 
which settle under conditions such that there is no interference between 
particles (free-settling) or under conditions 

of mutual interference between particles (hin¬ 
der e d-se ttling). 


Apparatus and Materials: 

Transparent settling tube as in Fig. 1, supported 
vertically with bottom about 18 in. above floor. 
Scotch-tape markers G in. each from top and from 
base of cone. Means for free and rapid access along 
full length. Geometrically regular bodies of different 
metals, e.g., Cu and Al, and different shapes, e.g., 
cylinders of constant diameter, say 2 mm., and lengths 
of 0.25</, 0.5f/, d, 2d, 3d ; square 
prisms of edge dimensions 
equal to the diameter of the 
cylinders and lengths the same 
multiples of the square sides; 
spheres 1-, 2-,and3-mm. diam.; 
cubes 1-, 2-, and 3-mm. edges. 

Quartz, galena, and anthracite 
particles in the same size range 
as the metals, and sorted into 
equiaxed, flats, and elongates. 

Particles should be kept in 
marked pill-boxes on which the 
weights are recorded. Ilin- 
dered-settling glass classifier 
(Fig. 2). Ruled board as in 
(20). Testing sieves. Rust¬ 
proof tins (e.g., cupcake tins). 

Enameled pail. Centimeter 
rule. Scales. Deep-form 1-li. 
beaker and stirring roil. Stop 
watch. Constant-head water 
supply. Artificial quartz-gal¬ 
ena feed containing about 10% 
galena as in (5). 


Galvanized 


iron 



3 ft. 


1 * 


O 

<*> 



€ 
a" : * ^ 

Rubber tube s 


60° 


Rinchcocks 



Fig. 1. 


Fig. 2. Hindered-settling 
classifier. 


Free-settling 
tube. 

Procedure: 

Two-man crews; one man to introduce particles and watch particle 
behavior, and one to do the timing and recording. 

1. Clean the tube and fill to within 1 in. of the top with distilled 
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water several hours before the experiment. Keep top covered with a 
paper cap to prevent contamination with air-borne dust and gtcase. 

2. Using forceps, introduce a test particle beneath the surface of 
water in the tube and move back anti forth to dislodge any attached air 
bubbles. On signal from timer, release. Timer should start watch on 
passage of top mark and stop it. on passage of bottom mark. Both 
men should get as complete a picture of particle path as possible and 
pool impressions in a joint sketch. Repeat for each of the metal and 
mineral particles provided. 

3. Particles should be trapped out at the bottom into a beaker, and 


the water accompanying them returned to the tube to maintain level. 
One or two repeat runs should be made on each particle, as paths and 
settling times may vary markedly with some of the irregular particles. 


Hindkrkd-Skttling Classification 

4. Feed is a mixture of quart z and galena ranging in size from 2.302- 
to 0-mm. 

5. Weigh out 500 gm. of feed. Wash through a 200-mesh screen 
with a minimum of water. Klutriate the 200-mesh washings in a 1-li., 
deep-form beaker, permitting settlement for h 10 sec. (where h = depth 
of liquid in millimeters), and then decanting carefully into an enameled 
pail down to the settled sands. After all the initial washings have been 
thus treated, and the sand therefrom is collected in the beaker, add 
fresh water, stir until the sand is in suspension, settle for /*/10 sec., and 
decant into the pail with tin* previous overflows. Repeal this operation 
two or three times, or until the overflow is comparatively clear. Add 
the washed sand to the coarser sand. 

(>. Measure the cross-sections of the upper and lower (larger and 
smaller) parts of the settling column above the water inlet by with¬ 
drawing and measuring the volume of water between two marks on 
the respective portions. 

7. Set the water to prevent settlement of the coarsest quartz particles 
through the constricted section. 

8. Place the bottom flask in position, fill system with water, and set 
bucket to catch overflow. 

y. Decant water from the sand, then feed it carefully into classifier. 
( L'so a small spatula which is introduced each time, with as little spill 
as possible, below the level of the overflow lip on the side of (lie classifier 
awav from tin* overflow.) Wash the last of the feed in with a wash 
\ M>t 1 1( *. 

10. Regulate I lie water to produce a current of 100 imn. per sec. in 
the constricted section. 
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11. Run for 10 min. after the last of the feed is in. 

12. Close spigot-discharge clamp; remove spigot bottle; invert with 
thumb over neck in a pan of water to discharge solid; refill neck with 
water and replace on classifier; open clamp and work out any air from 
tube by squeezing tube. 

13. Slack off carefully on feed-water supply to reach a current as near 
to 110 mm. per sec. as possible. Do this by making a very small valve 
closure and measuring the current. This will give an idea of the re¬ 
sponse of the current and will serve as a guide to subsequent approxima¬ 
tion to the desired settling. 

14. Make a 10-min. run as in (11), (12). Note that the feed for this 
run is already in the upper (teeter) column. 

15. Repeat (13) to obtain a current of 60 mm. per sec. 

16. Make a 10-min. run as in (14), but this time, before starting the 
run, collect the overflow from the two preceding runs, which has settled 
in the overflow pail, and return to the classifier as in (9). 

17. Repeat (13) to obtain a current of 10 mm. per sec. 

18. Make a 10-min. run as in (16), feeding back the previous overflow 
as described therein. This run will make a spigot product and an 
overflow, and leave some material in the column. Add overflow and 
column material to the decanted slime obtained in (5). 

19. Place all products in rust-proof pans, properly identified, and dry. 

20. Screen; lay out screen products on a board ruled with 2-in. 
squares, with spigot products and overflow as columns and particle 
sizes as rows. 

21. Study the weight and composition distributions in the layout; 
search for the reason for appearance of grains of the same mineral of the 
same screen size in successive spigot products; determine and record the 
apparent ratios of mean quartz diameter to mean galena diameter 
(settling ratios) of the various products and search for the explanation of 
any differences in this figure. (Assays of the various heaps will be 
posted to permit calculation of the ratios in writing up the report.) 

22. Instructions 4 to 21 incl. apply with obvious modifications to a 
free-settling glass classifier column. It is instructive, if scheduling 
permits running of such a column during the same time that the hindered- 
settling run'is made, for the crews to observe each other’s operations 
and exchange copies of data so that comparisons between the two types 
can be made in the reports. 

Laboratory Questions: 

1. What is the nature of the force system that produces the teeter 
column? 
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2. What is the characteristic of the apparatus that brings this system 

into play? . . . . 

3. What is the general relation in size and composition of the material 

in the teeter column to (a) the material that penetrates it; (b) the 
material that fails to penetrate? 

4. Why does air have to be “worked” out of the hose connecting the 
collecting flask with the classifier? What happens if the air is not worked 
out? Why? 

5. What is the reason for the appearance of particles of the same 
mineral of the same screen sizes in successive spigot products? 

6. Estimate hindered-settling ratios from the board layout. 


Time: 

Three laboratory periods. 

Report: 

Report should develop eause-and-efleet relationships between particle properties 
and settling rates; the differences in equal-settling diametral ratios in free- and 
hindered-settling with attempts at explanation; an analysis of the size, shape, 
and density relations on the layout board; and recognition of the concentration 
possibilities of the sequential operations in steps 4 to 20 inclusive. Emphasis should 
be laid on graphical representation of all the facts connected with the layout board. 
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6. SINK-FLOAT SEPARATION 

Object: 

To study some of the properties of solid suspensions; their relation 
to the properties of the medium solid and of the suspending fluid, to 

the relative proportions of the 


applied. 

Apparatus: 



A dilation column as in Fig. 3, 
connected by needle valve with a 
constant-head source of water and 


*/" .i 
/16 rod 


Solder 


V 

L ^ 


Vi" fine-wire 

W cloth 
J 


square 

Fio. 4. Screen tray. 


supported on a tripod-screw base. 1-li. and smaller graduates. Centimeter rule. 
Screen tray as per Fig. 4. Steel sphere. Timer. Microscope with dark-field 
illumination, 10 X objective and 5 or 10 X ocular. 

Material: 

Supplies of quartz-sand fractions. Supply of < 200-mesh galena, freshly dry- 
ground. 

Procedure: 

1. Set dilation column vertically by reference to plumb lines. 
Start water through it. When it overflows, turn down to a relatively 
low overflow rate and continue flow until air bubbles cease to rise. Flush 
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subscreen air cock and again observe for lack of bubbles. Repeat until 
confident that no bubbles are entrapped under the screen. Introduce 
glass manometer tube (about 0.4-cm. I.D.) to a known depth about 
1 cm. off screen and read at several velocities. Record capillary 

correction. 

2. Introduce a 200-gm. charge of 20 ~ 28-mesh quartz sand into the 
dilation column as follows: (a) Set overflow at a rate that readily 
permits a single sand particle to sink to the screen. ( 6 ) Wet down sand 
in beaker and pour off excess water, (c) Introduce spatula loads of 
quartz below water surface with as little air entrainment as possible. 
Expand sand column to about 1J4 volume several times with intervening 
settling, then shut off water, measure height of column above a fixed 
reference point calculable to top of screen, and take manometer reading. 

3. Bring water velocity to 1 cm. per sec., reckoned on the tube, and 
measure height of top of sand and take manometer reading. 

4 . Repeat (3) with l-cm.-per-sec. increments of velocity until sand- 

bed volume has doubled. 

5. Introduce screen tray to a known position about 0.5 cm. off 
screen, and holding it there, observe any changes in the last preceding 
readings. 

0. With tongs bring M-\n. steel sphere to a position where it is over 
tray and just submerged in sand bed. Release with a minimum of 
disturbance and read time of fall until its impulse against the tray is felt. 
(Tray should be held as lightly as will maintain it in position. See 
Procedures 12 and 13 below.) Observe manometer before release, 
during fall, and after ball is on tray. 

7. Repeat (G) at decreasing velocities (1-cm-pcr-sec. steps) until 


penct rat ion ceases. 

8 . Prepare 1.500 ce. of a galena-in-water suspension having a specific 
gravity of 3.0 as follows: Grind <200-mesh feed with minimum water 
in a laboratory ball mill for 5 min. Wash out with minimum water, 
settle 5 min., decant, and regrind settlings. Repeat, until settlings arc 
negligible. Concentrate by settling and siphoning off clear water until 
hydrometer density is 3.0. 

9 . Weigh a clean, dry, 50-ee. graduate; then fill to the oO-cc. mark 
with medium and reweigh. If the specific gravity thus determined 
differs from 3.0 by more than 0 . 1 , make the necessary addition of 


water or galena. 


Non:: Class time will lie conserved if, hereafter, one part of the squad follows 
Procedures 10 to IS inclusive and the other Procedures 11 to 18 inclusive. 


10. To the suspension prepared in (9) add a weighed amount of 
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bentonite to constitute 1% by weight on the mixture. Place the same 
quantity of bentonite in the same quantity of water as above, place a 
drop on a microscope slide, and examine with about 10X objective 
under dark-field illumination. 

11. The apparent viscosity is measured with a crude capillary-tube 
viscosimeter. One squad member pours suspension from a beaker into 
the feed cone via a stirring rod at such a rate that the level of the medium 
in the cone is held constant at the mark. The other squad member 
collects effluxing medium in a tared beaker for a known interval of time. 
Three of four determinations should be made. 

12. Put about 1,500 cc. of medium in a 2-li. beaker. Stir well for 
3 or 4 min. with a broad spatula. Place wire basket (similar to Fig. 4 
but larger) into the medium. Place ball of left thumb under the hori¬ 
zontal bar of the basket handle and raise basket to a point ^ in. from 
bottom of beaker. With the aid of a thin ruler measure distance be¬ 
tween the basket and the surface of the medium. 

13. Using forceps, wet a 26.7 ~ 18.9-mm. particle of sphalerite 
throughly in water, shake, and introduce into the medium centrally and 
just below the medium surface. Wait 10 sec., then release particle and 
simultaneously observe timer. When particle impinges on basket, 
warning is given by impulse transmitted through handle to thumb and 
time is noted. 

14. Repeat (13) with sphalerite particles sized as follows: 18.9 ~ 13.3-, 
13.3 — 9.4-, 9.4 ~ 6.68-mm. 

15. Repeat (13) with a series of particles of the same screen sizes 
but different specific gravities. 

16. Place 1,500 cc. of 3.0-sp. gr. medium in a 2-li. beaker. Add 
slowly, with gentle circumferential stirring, an artificial mixture of quartz 
and sphalerite (1 ~ ^-in.) until a layer two or three particles deep of 
float material is formed at the top. Cease addition of feed, and remove 
float with screen spoon. Resume addition of new feed and continue as 
above until 1,000 gm. of material has been treated. 

17. Wash float material on an 8-mesh screen, dry, weigh, and assay 
by separating and weighing sphalerite particles. Collect sink material 
by pouring contents of can over an 8-mesh screen, wash, dry, and assay 
by separating and weighing quartz particles. 

18. Exchange data on Procedures following 9 with other squad. 

Laboratory Questions: 

1 . What is the first sign of dilation in the quartz-sand bed? 

2. At what point is interparticle movement first visible in the quartz 
bed? 
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3. What is the advantage of using fine-ground long-range galena 
instead of closely sized sand, as in Procedures 1 to 7? 

4. What are the separating forces in Procedure 16? 

Time: 

Two laboratory periods. 

Report: 

Report should contain calculation of the interstitial velocities and of the interstitial 
spacings of the quartz bed throughout the dilation range and the apparent relation 
between the falling rate of the sphere and the density and internal friction of the 
suspension. It should also show the relation between the pressure in the suspension 
and the weight of solid suspended; also the relation between particle density and 
falling rate in a given suspension (assuming the fragmental particles used had equal 
shape-orientation factors). 
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7. HAND METHODS OF CONCENTRATION 

Object: 

To make observations which will furnish the factual matter for ex¬ 
planation of the causes and effects of the particle movements in panning, 
vanning, and hand jigging. 

Apparatus: 

Tub, miner’s pans, vanning plaque; hand jig, preferably about 12 in. square and 6 
in. deep, with J4-in. cloth and sides extending about 2 in. below screen, all suspended 
from a spring on a rope over a pulley, spring tension being sufficient to raise the loaded 
screen but not to make extension by an operator difficult; skimmer for jig. 

Material: 

20-mesh artificial quartz-galena mixture, deslimed, containing about 5% galena. 
65-mesh mixture of quartz and galena containing about 5% galena. About 100 lb. 
of raw anthracite as in Procedure 13. 

Procedure: 

Pan 

1. Feed is < 20-mesh galena-quartz mixture, deslimed. 

2. Charge the pan with a known weight of about 1 kg. of feed; 
wet down by dipping up enough water from the tub with the loaded pan 
to moisten the charge; dip up enough more water to fill the pan ^ to 
% full; then, holding the bottom of the pan substantially horizontal 
and gripped at opposite ends of a diameter in the two hands, cause the 
hands, in unison, to describe a horizontal circle about 6-in. diam., at a 
rate sufficient to cause the material in the pan to become partially 
suspended in the water. Continue this motion until there is no visible 
galena in the surface layer of solid in the pan. Next tilt the pan slightly 
away from the body, holding it so as to discharge into the tub, and, at 
the same time, rock it back and forth so that the water sloshes across 
the surface of the settled solid in waves directed alternately left- and 
right-downward, these waves moving with just sufficient velocity to 
move the surface layer of sand down to form a toe at the low part of the 
pan rim. Examine this toe for galena; if galena-free, wash the toe into 
the pan by dipping and raising through the surface of water in the pan, 
or push the material off with the thumb, as preferred. During the 
washing operation, the order in which the different sizes of quartz leave 
the pan should be noted. 

3. Now restratify and reskim, as in (2), until concentrate is clean 
except for some fine sand. (As the amount of material in the pan 



Appendix) 


HAND METHODS OF CONCENTRATION 


533 


decreases, work it down into the vee so as to keep the bed as deep and 
the galena as deeply submerged as possible.) 

4. To remove the fine sand, place a little water in the pan, hold the 
pan substantially horizontal, and tilt in such a way as to cause the water 
to run in a substantially continuous stream around the vee in one direc¬ 
tion at sufficient velocity to carry sand with but little galena. Continue 
this motion until the impoverished sand is substantially 180° from the 
bulk of the galena. Now work on this improverished sand as in the 
latter part of (3). Repeat this operation two or three times. 

5. Wash concentrate into a rust-proof dish. 

0. Repan tailing as above and collect concentrate separately. Com¬ 
pare the sizes of galena thus recovered with those in the first concentrate. 

7. Collect tailing in rust-proof dish, label, and deliver to assistant. 

8. Dry and weigh the concentrates of (5) and (G), then combine, 


label, and deliver to assistant. 

9. The following experiments will bo useful in explaining the actions 
of suspensions, stratification, and washing olT: 

a. With a small pudding tin ((»- or 8-in. diam.) scoop up some 

or Mr" 1 - dry crushed material. Level this material off in the tin with 
the hands, without shaking the tin, and observe the state of the surface. 
Next shake the tin in a small horizontal circle so as to simulate the action 
of the pan. Stop and again examine the surface material. 

b. Pour two or three tinfuls of material as in (9a) onto a table so as to 
form a conical heap. Study the distribution of material and the action 
involved in effecting this distribution. 

c. Recharge the pan, after drying, with a dry charge of feed; place on 
a table top and move in a horizontal circle as while stratifying in (2). 

<1. Imagine the action of baseballs on a washboard, if the board is 
shaken back and forth horizontally in a direction at right angles to the 
ribs of t he board. 

e. Imagine crossing a rutted road (a) on a bicycle and ( b ) on roller 


skates. 


Vanning 

10. Feed: Artificial mixture of quartz and galena screened through a 
Go-mesh screen. Treat a 30-gm. sample. 

11. Operation comprises: 

A. Segregation of the minerals by stratification. 

/{. Separation of the strata. 

The operating steps follow: 

a. Wet down sample on plaque, making first a t hick mud. 

b. Dilute until plaque is about three-fourths full. 
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c. Give plaque a gentle rotary motion that causes sand to collect at 
center of bottom and keeps slime in suspension. 

d. Pour off slime. 

e. Repeat ( b ), (c), and ( d ) until pulp is slime-free. 

/. With plaque about half-full of water, and held horizontally in both 
hands, move left hand in horizontal circle just fast enough to keep upper 
layer of sand moving and move right hand in a small vertical circle, the 
downward movement being sharp, the upward relatively slow. This 
motion should stratify and collect the heavy mineral near the far side 
of the plaque. 

g . Collect tailing for rewashing. 

h. Collect concentrate. 

i. Rewash tailing. 

j. Dry and weigh products, label, and set aside for assay. 

12. The following experiments will be useful in explaining the action 
on the plaque. 

a. Stratify another charge on the plaque by horizontal swirling, then 
still swirling slowly, incline plaque slightly and bump upper edge 
sharply against heel of free hand some twenty or thirty times. 

b. Place a coin on a book, held horizontally, and then move it as in 
operation 11 Bf, and as in operation 12a. 

Hand Jigging of Anthracite 

13. Feed is 1 ~ dirty anthracite. 

14. Fill tub with water to a level that will permit submergence of 
loaded jigging screen and movement thereof without overflow. 

15. Charge screen to within 1 or 2 in. of top. 

1G. Move screen up and down in the water, making the downstroke 
the more rapid, at the rate of about 40 to 60 strokes per minute. The 
strokes should be of such amplitude that the bed is definitely loosened 
and sufficiently fluid to permit the hand to penetrate on each downstroke. 

17. When the top layer appears to be clean coal (this should be the 
case after 30 to 50 strokes), skim off the clean coal, permitting the bed 
to remain. 

18. Charge more feed as in (15) and repeat (16) and (17). When the 
bed becomes too deep, after skimming clean coal, skim middling well 
down into the refuse layer and set aside. Remove the refuse and return 

the middling as nucleus for a new bed. 

19. Proceed as above until about 100 lb. has been jigged, then make 
a final separation of clean coal from the middling of the last sieve load 

by hand picking. 

20. Weigh clean coal and refuse wet, label, and turn over to instructor. 
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Laboratory Questions: 

1. Explain the mechanism by which particles are brought into suspen¬ 
sion by reason of motion of the pan. 

2. Why is the finest quartz sand the last quartz to be washed out of 

the pan? , _ 

3. Explain the mechanism by which the quartz sands are washed oil 

the plaque. 

4. What causes the galena to travel toward the edge of the plaque 

in operation 11 Bp. In operation 12a^ 

5. Explain the dilation of the bed in the jig. Does it start at the 
top or at the bottom? What part does the dilated bed play in the 

separation? 

Time: 

One laboratory period. 

Report: 

Report should stress individual movements of particles of different sizes and densi¬ 
ties and the effects of suspension densities on these movements. 
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8. SHAKING TABLE 

Objects: 

1. To study the structure and motion of a shaking table. 

2. To study particle movement on an operating table. 

3. To study the causes of the effects produced by changes in the 
different operating variables. 

4. To correlate the action of the shaking table with that of the gold 
pan and vanning plaque. 

Apparatus: 

Shaking table (preferably with Wilfley-type riffling) with variable-speed drive; 
quick controls of water, feed, and movement; and means for taking simultaneous 
position samples of products. 

Material: 

20-mesh artificial mixture of quartz and galena. 

Procedure: 

1. An indicator card of the motion of the table deck may be obtained 
by holding a sheet of paper firmly against the cleaning plane and moving 
a pencil point across the paper at a uniform speed in a direction perpen¬ 
dicular to the motion and in a straight line relative to the earth, at such 
a rate that several cycles arc completed during the passage of the pencil 
across the paper. Make such cards at various speeds and stroke lengths. 

2. Feeding at the rate of 1 lb. per min. with 3 lb. of water, vary length 
of stroke, slope, quantity of wash water, and speed until visual inspection 
of concentrate and vanning tests on tailing indicate optimum results. 

3. With table in best operating condition, take simultaneous position 
samples around the table and set them aside for screen analysis. 

4. Stop feed, wash water, and shaking mechanism simultaneously. 
Examine with a binocular microscope the distribution of materials on 
the deck both vertically and horizontally, considering both size and 
mineral composition. Record results in sketches. 

5. Dry, screen, and lay out the position samples on a board similar 
to that used in hydraulic classification except that positions are used as 
abscissae. 

Laboratory Questions: 

1. Estimate the average velocity of the pencil point relative to the 
earth for one of the indicator cards taken. Estimate its velocity 
relative to the paper. 



Appendix] 


SHAKING TABLE 


537 


2. How does the indicator card denote the movement of the table top 
relative to the earth? 

3. In which direction of movement of the table top is the average 
velocity the greater? Check your answer by examination of the table 

head motion. . , 

4. What causes the movement of material longitudinally of the table 

deck? Correlate your answer with the indicator card. 

5. Correlate the indicator card with the table head motion. 

6. What are the significances of the various results caused by changes 
in the several operating variables in Procedure 2! 

Time: 

One laboratory period. 

Report: 

The report should include a complete analysis of the forces acting and the resultant 
particle movements in all unique areas on the table top; also a step-by-step correla¬ 
tion of the shaking-table particle action with the particle action in panning and 

in vanning. 
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9. THE FUNCTION OF MIDDLING 

Object: 

To determine the basis for the concentration axiom: no commercial 
concentrating machine or process can make clean concentrate and clean 
tailing as sole products. 

Apparatus: 

Gold pan. Tubs. Laboratory shaking table. Sampling and screen-testing 
apparatus to carry out the various procedures. Binocular microscope. 

Materials: 

Quartz, galena, and, preferably, a siliceous lead ore, all dry-crushed through 
20-mesh, in the following quantities: quartz, 30 lb.; galena, 3 lb.; ore, 20 lb. 

Procedure: 

1. Mix a batch of about 2 lb. of a mixture containing 10% galena 
and 90% quartz. 

2. Pan it in one stage in the attempt to make clean concentrate and 
clean tailing. Observe when and where difficulties arise in the work. 

3. Collect, dry, sample, size, and weigh products. Examine the 
sized fractions under a low-power microscope, and estimate percentages 
of galena by counting grains. Deliver size fractions, accurately labeled, 
to laboratory assistant for analysis. 

4. Mix another batch prepared as in (1). Separate step-wise as 
follows: 

a. Remove all material that can be carried over in suspension by 
normal panning procedures. Set tub aside for later collection of solid 
and further testing [see (d)]. 

b. Pan residue from (a) normally, as carefully as possible, to the point 
that further washing off of sands would result in discard of visible galena. 
Collect sand, and treat as in (3). 

c. Pan residue as carefully as possible with the aim to make clean 
concentrate. Dry and weigh both products and proceed as in (3). 

d. Decant water carefully from settled solid from (a), collect solid, 
and examine microscopically a small sample under water in a watch 
glass. Dry remainder, weigh, mark, and deliver to assistant for assay. 

5. Make up a 2-lb. batch as in (1), mix thoroughly, and run it over 
the laboratory Wilfley table slowly in order to get preliminary settings 
for best operation. Identify positions for sample cuts of slime streak, 
tailing, middling, and concentrate and organize for taking these samples 
on the next run. 
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6. Leave table settings as in (5), make up another 2-lb. batch of the 
galena-quartz mixture, run it, and take samples listed in (5). It this run 
indicates the desirability of changes in settings, make them. 

7. Make up a 5-lb. batch as in (5) and run at the settings of (6). 
Take three sets of samples as follows: (A) slime, clean tailing, concen¬ 
trate; ( B ) slime, clean concentrate, tailing; (C) slime, clean tailing, 
clean concentrate, middling. Samples of sand products should be 
between 50- and 200-gm. weight each. 

8. Treat samples as in (3). 

9. Make a run on 10 lb. of the galena-quartz mixture of (5), cutting 
for the cleanest possible tailing and throwing middling into concentrate. 
Sample slime and tailing during the run and collect all the concentrate. 

10. Feed back the concentrate from (9) and operate to make clean 
concentrate and a middling reject only. 

11. Treat products of 9 and 10 as in (3). 

12. Repeat (5) to (8) inclusive with batches of ground ore. 


Laboratory Questions: 

1. What difficulties were encountered in Procedure 2? Suggest 
possible remedies. 

2. What sizes of heavy mineral does the pan retain most effectively. 
Least effectively? What sizes of light mineral are removed with 

greatest difficulty? 

3 If the sample cuts prescribed in (7) are timed and tonnage rates 
calculated therefrom, how significant, will the resulting figures be? 

4. What is the essential difference between the batch-type operations 
of the pan and the continuous simultaneous performance of the same 

separating acts on the table? 


Time: 

Two laboratory periods. 


Report: 

Report 
sen tat ion, 
operut ion. 


should present a eompleto picture, with plentiful diagrammatic repro¬ 
of the character of middling, its cause, and its role in the concentrating 
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10. INTRODUCTION TO FLOTATION 

Objects: 

1. To learn one method of attack on the analysis of a complicated 
technical process. 

2. To determine qualitatively, by the method of differences, the 
probable functions of the various reagents and treatments of the pulp 
in a simple flotation operation. 

3. To set up a qualitative material balance on a flotation operation. 
Apparatus: 

A laboratory flotation machine, preferably of bubble-column type and having 
at least one transparent side wall. Binocular microscope or high-power hand lens. 
Watch glasses. Beakers. 1-cc. pipettes. Medicine droppers. 

M atcrial: 

A simple galena ore, preferably with a siliceous gangue, dry-ground to pass 48- 
mesh. Reagents as noted below. 

Procedure: 

Note 1: The procedural steps listed below in general terms should be performed 
under the supervision of an instructor familiar with the apparatus and the behavior 
of the ore and consequently able to translate the general instructions into the specific 
terms necessary for a successful operation. 

1. Fill cell, after thorough cleaning, about half-full with water. 

2. Start air introduction at low intensity and bring up gradually to 
normal operating intensity. 

Note 2: At this point and throughout the remainder of the experiment the student 
should observe closely the motions and other behaviors of all kinds in all parts of the 
system, and should try particularly to correlate changes in behavior with changes in 
operation or composition of the system. 

3. Add sufficient ground ore so that, with the proper operating pulp 
level, the percentage of solids will fall between 20 and 25%. 

4. Test pH of pulp. If less than 8.5, add sodium carbonate solution 
of known strength in sufficient quantity to bring pH up to 8.5. 

5. Add 0.1 to 0.15 lb. per ton of ore of sodium (or potassium) ethyl 

xanthate. 

0. Add 0.05 to 0.15 lb. per ton of ore of pine oil (or cresol). 

7. Remove froth by overflow or by skimming until effective separa¬ 
tion apparently ceases. Thereupon explore in order the effects of 
(a) increased air introduction, ( b ) further addition of ethyl xanthate, 
(c) further addition of pine oil (or cresol), ( d ) addition of one drop of 
wood creosote. 
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8. Draw off tailing and examine samples of concentrate and tailing 
under water on a watch glass with a binocular microscope or a high- 
power pocket lens. 

9. Return concentrate to the machine and, with the addition of 
sufficient water, refloat. 

10. Examine refloated concentrate and cleaner tailing as in (8). 

11. Place products in rust-proof pans for drying, weighing, and 
assaying. 

Laboratory Questions: 

1. Name in order of addition all the various substances added to the 
flotation machine and give their approximate chemical compositions. 

2. Describe in detail the visible effects of the reagent additions pre¬ 
scribed in Procedures 4, 5, and 0. 

3. Ascribe a descriptive name to each of the results brought about by 
Procedures 2, 4, 5, and 6. 


Time: 

One laboratory period. 

Report: 

It is not the purpose of this experiment to elicit a report embodying an explanation 
of the flotation process. Rather what is wanted is a showing that the process com¬ 
prises a number of unit operations that act sequentially or simultaneously to produce 
the overall result, and a further showing that each of these may apparently be 
ascribed primarily to some particular reagent added or to some action of the machine. 
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11. CHEMISTRY IN COLLECTING AND CONDITIONING 

Objects: 

1. To investigate the mechanism of collection with soluble collectors. 

2. To investigate the mechanisms of some common activation and 
depression treatments. 

Apparatus: 

Simple qualitative-chemical glassware (see Procedures for detail.) 

M aterials: 

Freshly dry-ground galena and sphalerite. Potassium ethyl xanthate. Analyti¬ 
cal chemicals and solutions as per Procedures. 

Procedure: 

1. Place 30 gm. of < 200-mesh freshly dry-ground galena with 300 cc. 
of distilled water in a 1-li. Erlenmeyer flask and cork tightly. At the 
same time similarly prepare another flask differing only in that an 
aqueous solution of 200 mg. of potassium ethyl xanthate per li. is 
substituted for the distilled water. Shake the flasks vigorously for 15 
min. Allow both to settle until the supernatant liquors are substantially 
clear, decant, and filter the separated liquors separately on Buchner 
filters charged with filter paper and a thin layer of infusorial earth. 
The filtrates should be water-clear. Label them water and xanthate 
extracts, respectively. 

2. Test a 50-cc. portion of the xanthate extract as follows: Place 
in a 100-cc. separatory funnel, acidify with 3 cc. of 5% acetic acid 
solution, add 20 to 25 cc. of benzol, and agitate sufficiently to mix the 
two liquids as thoroughly as possible without emulsification. After 2 
min. of agitation, draw off and save the aqueous solution, add 10 cc. 
of 2 A K 2 S0 4 solution and 1 cc. of 2% potato-starch solution thereto, 
then titrate with Hoo N iodine-potassium iodide solution to blue color. 

3. Repeat (2) with a 50-cc. sample of the original xanthate solution. 

4. Test 50 cc. of the water extract by the procedure used for testing 
the aqueous layer in (2). 

5. Repeat (4) with water from the source used in (1) to make tne 

water extract. . e ( \ 

G. Place in separate nephelometric tubes 50 cc. respectively oi W 

water extract, (6) xanthate extract, (c) water as in (5), (d) original 

xanthate solution. Add to each tube 2 cc. of 3 M HC1 (see Notes). 

Add to each tube 5 cc. of BaCl 2 solution. Mix quickly by upending 

two or three times, with tubes closed by the well-washed palm of the 
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hand. Observe the tubes simultaneously and comparatively for density 

of white precipitate (BaSO-t). _ , 

7. Place in 50-cc. color tubes 25 cc., respectively, of xanthate extract 

and original xanthate solution. Fill each to the mark with copper 
sulphate solution (100 mg. per li.) and compare colors. (See Note). 

8 Place 50 cc. of water and xanthate extracts, respectively, in color 
tubes, add to each 5 cc. of 0.1 M K a CrOi solution, and compare colors. 

Notes: Potassium-ion tests on the original xanthate solution and the xanthate 
extract will show the concentration of potassium ion substantially the same. 

The behavior of the ethyl xanthate ion in the foregoing tests may be taken 
characteristic of the behaviors of C 2 and higher thiocarbomc and t nophosphor.c 
acid alkali salts and of Ci 2 and higher carboxylic acid salts with most heavy-met a 
ions. Zinc ion is an exception with the lower-molecular-weight thio acid salts (sec 

P "t he U fo 1 low in e approximate solubility product* should be noted m interpreting 

Pb(EtX) 2 ; Zn(EtX)*, soluble. 

Notes on test reactions: 

Procure 2. Acidification cause* any xanthate ion in solution to precipitate as 

droplets of xanthic acid which arc freely soluble in benzol 

The purpose of the potassium sulphate is to increase the se.is.tmt> of the 10 hn 

U ‘‘Free iodine causes starch solution to turn blue. It also oxidizes reduced sulphur- 

oxygen compounds, eg.: 

II 2 0 + N 112 SO 3 4- 21° — Na>S<)4 4- 2111 
2S 2 <).t“ + 21° —* S4O6 J + 21 

Procedure n. The acid is added to prevent barium salts of reduced sulphur- 

oxygen ions from precipitating. . , 

'Procedure 7. Test for xanthate ion is the precipitate of cuprous xanthate. 

4-+ , 1( . |i o.r'SSK —♦ 2 C-lI a O CSSCu 4- 4K + 4- (C 2 lUO CSS) 2 

Zt ,U t" - * I )ixuntho«cri 

Procedures Any increase in intensity of color of the solution is due to lead 
chromate, ami differences in intensity denote differences in lead-ion concent.at.on 

in the solutions. 

0. Into test tul.es contain!..,; 5 to 10 cc. of dilute equimolar solutions 
of Pb++, Fe* + , Fc ++ ’ < , Cu ++ , ami Zn+ + drop minute particles of Ivlt,tX 

10. In three 1-li. Erlenmeyer Husks each containing 30 gm. of 

<200-inesh dry-ground sphalerite place respectively 300 cc oi (a) 

distilled water; (b) a solution containing 2., mg. per h. <>i C uS< oll A), 

(c) a solution containing 25 mg. per b. ot ('uS0 4 • oII 2 0 and 20 mg pet 

li. of KCN. (Note tbat the solution containing cyanide will evolve a 

/ v «mtl th*it must he taken not to inhale 

poisonous gas (cyanogen) aim unit <an 
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fumes therefrom at any time.] Cork the flasks and shake for 15 min. 
Settle, decant, and filter as in Procedure 1, keeping time-factors for all 
three as nearly equal as possible. 

Note: CuS 0.|-5H20 is commonly used to aid flotation of sphalerite with 
sulphydric collectors; cyanide is used to prevent sphalerite flotation with the same 
collectors. 

11. Test the three filtrates for Cu ++ by adding to 25-cc. samples of 
each in a color tube 25 cc. of a solution of 25 mg. per li. of KEtX solution. 

12. Test the three solutions and a distilled-water blank for zinc as 
follows: Take 100 cc. of solution. Add 10 cc. of 9 M H 2 SO 4 . Place 
in each beaker a piece of sheet aluminum about 2 in. sq. and boil for 
15 min. Filter through #4 Whatman paper, and wash beaker and paper 
with a small amount of hot water. Add NII 4 OH slowly and carefully 
until a slight turbidity is obtained. Redissolve in 80% acetic acid and 
make up all solutions to same volume. Cool. Place 100 cc. of the 
filtrate in a color tube. Add 5 cc. of solution of standard diethyl 
aniline-acetic acid reagent and 5 cc. of 2% solution of potassium ferri- 
cyanide. An orange-red color develops slowly. Its intensity increases 
with concentration of zinc. Make final comparison 10 to 15 min. after 
addition of reagents. Addition of reagents must be made to all four 
samples as nearly simultaneously as possible. 

Notes: 

Copper precipitates on aluminum due to E.M.F. 

Diethyl aniline -+- K 3 Fe(CN) 6 = K 4 Fe(CN)e + Oxidation product 

-+• of diethyl aniline 

Zn++ -- Rod dye 

Zn 2 Fe(CN) 6 ; 

White Y 

Zn 2 Fo(CN)e acts as a lake for the red dye and is therefore made readily visible. 

Ammonium hydroxide is added to neutralize II 2 SO 4 because a small amount of 
ZnoFe(CN)6 is soluble in strong acid. 

The acetic acid is to make the solution acidic because the test works best in a 
slightly acid solution. 

Laboratory Questions: 

1 . What do the various water leaches indicate as to the probable 
chemical nature of dry-ground sulphides in water? 

2. What is the significance of the relative amounts of sulphate ion in 
the water and xanthate leaches of galena? (Potassium ethyl xanthate 
is a reducing agent.) 

3. What is the apparent cause of the change in concentration of 
ethyl xanthate ion in solution brought about by contact with ground 
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galena? Write a chemical reaction involving the xanthate ion that is 
consistent with the facts available from the galena experiments and 
with the accompanying notes. 

4. What is the significance of the results of Procedure 9? 

5. Write the chemical reactions indicated by the results of Procedures 
10, 11, and 12 and the accompanying comments. In light of these 
reactions what should be the effect of CUSO 4 on the flotation of sphalerite? 

Of KCN? 

Time: 

Two laboratory periods. 

Report: 

Report should develop an hypothesis, consistent with the facts, of the action of 
soluble collectors in flotation, and of the nature of methods of modifying such action. 
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12. AERATION AND BUBBLE ATTACHMENT 

Objects: 

1 . To study the variety of methods by which attachment of suitably 
prepared mineral particles to gas bubbles occurs. 

2. To investigate the nature of the attachment. 

Apparatus: 

1. An optical system as shown in Fig. 5 comprising a short-focus (2- or 3-in.) 



Fig. 5. Elements of optical system for captive-bubble 

contact-angle testing. 


bellows camera A fitted with ground glass 
X 1 in. inside, with smooth fused joints; 



Bubble holder b, comprising glass tubing 
spring clip /*’. 


; a rectangular glass cell B, 4 X 4V£ (high) 
a cell-holder C (Fig. 6), capable of vertical 
and angular adjustment in the plane of 
the cell; a lamp D of about 100-watt in¬ 
tensity; all mounted symmetrically in a 
vertical plane but so that the optical axes 
of lamp and camera meet at a small angle 
about 1 in. above the bottom of the cell B 
when it is in the holder in mean vertical 
position of the latter. 

The cell-holder (Fig. G) comprises a 
fixed structure consisting of supporting 
post P, circular rim R, and table S; and 
movable elements consisting of stage A, 
the vernier frame resting on S, block I as a 
whole, and block H as a part of /. Stage 
A supports the cell, and spring clips B 
hold the cell against ring D. Millcd-head 
screw C, working through block T at¬ 
tached to D, raises and lowers A, guided 
by a bevel block on the back engaging a 
beveled groove in D. Revolution of D 
in R, guided by screws E, causes tilting of 
A. The vernier frame is moved axially 
on S in a beveled groove by millcd-head 
screw A r . Block I is moved vertically on 
y & - in. ratchet rod A by a pinion actuated 
by L, and block // is moved horizontally 
in a groove in / by millcd-head screw J. 
blown onto glass rod, is held in slot G by 
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2. One or more medicine droppers (bubble feeders) with tips curved through 180°. 
Several bubble holders (b t Fig. G). 

3. Vacuum cell (Fig. 7). 

4. Binocular microscope with long-focus objective. 

5. Metallographies polishing lap. Procedure for initial preparation of the polished 
specimen is the same as in ordinary metallographic work. In final polishing for 
bubble tests the wheel should be aluminum or glass, covered with cotton lap-cloth 



Fig. 7. Apparatus for testing in vacuum. 


that has been boiled for an hour or so with dilute sodium hydroxide solution and 
thereafter thoroughly soaked in several washes of clean water and kept under water 
until ready to place on the wheel. While on the wheel it should be covered with an 
aluminum dome except while in use. 

0. Platinum-tipped tongs (sec Procedure I.) 


Materials: 

1. A piece of plate platinum about 1 cm. sq. and 0.3 to 0.5 mm. thick. 

2. A polished-quartz plate of about the same dimensions as (1). 

3. Polished-mineral test part ides should have one plane surface to 1 cm. square, 
polished to substantial freedom from cracks and scratches. For most work it is 
preferably mounted in molded Lucite. (Sec* any modern book on metallography for 
method of mounting. ) The* size should be such that the mount will seat fully on the* 
bottom of test cell H of Fig. 5. The top is preferably ground to a small (5 to 10°) 
angle with the* bottom, and the specimen is placed in the cell so that the low side is 
toward the? camera. (See Procedure 13). 

4. Reagents as named in Procedures. 


Procedure: 

1. Clean the platinum plate by washing successively in 10% NaOIT 
solution, running tap water, chromic acirl cleaning solution, running tap 
water, and distilled water, then heating to redness in the oxidizing tip 
of a carbon-free Bunsen flame. Where tongs are necessary they should 
have long enough platinum tips to prevent immersion of the main tong 
metal. Kubber gloves should In* used wherever manual handling is 
practiced. The water rinses should always he made so that all parts 
of the plate surface are subjected to vigorous washing. 

2. Clean a Petri dish by the first four successive washes of Procedure 
1. Fill it with about 1 cm. of water from the running tap, introduce the 
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platinum plate, and place in the vacuum cell (Fig. 7). Close cell, mount 
a binocular microscope for observation, and observe effect of vacuum. 

3. After 2- or 3-min. observation as above, remove the platinum, 
rinse in distilled water, dry as in (1), allow to cool, then smear half of 
one side with thumb after rubbing thumb against nose. Examine 
rubbed and unrubbed surfaces under microscope (15 to 30X). Rein¬ 
troduce into water in Petri dish (rubbed side up), and again examine 


effect of vacuum. 

4. Repeat (1), and place clean platinum in clean water in a clean tray 
(e.g., a Pyrex photographic tray) mounted above an electric heating 
coil and with a support available for observation of the platinum with 
the binocular microscope. Observe the effect of heating the water in 
the tray to a temperature high enough to produce visible vapor (120 to 

140 deg. F.). 

5. Repeat (3) except substitute the heating tray with fresh cold tap 

water for the vacuum cell and Petri dish. 

6 . Repeat (4) and (5) except that, in place of heating, gas is to be 

evolved by placing granular calcite near but not in contact with the 
platinum and adding concentrated sulphuric acid a few drops at a time 

at a distance of about 1 in. from the calcite. 

7. Repeat (1), (2), and (3) except substitute a polished quartz 

plate for the platinum plate. 

8 . Prepare about 25 gm. of a mixture of quartz and galena (about 
10% galena) dry-ground and sized between 48 and 200-mesh. Place 
in a 100-cc. test tube, add enough sulphuric acid solution (pH 3 ~ 4) to 
slightly more than cover, add 1 small drop of oleic acid, and stir with a 
glass rod until the oleic acid has substantially disappeared from the 
surface of the water when this is at rest. Divide roughly into four 
parts in separate Petri dishes. Add sufficient water to each so that the 
height of water above the settled solid is 1^ to 2 times that of the 

settled solid. , 

a. Mount one dish so that it may be heated slowly enough to preve 

local vaporization and observe closely the behavior of the system as 

temperature rises. . 

b. Place another dish in the vacuum cell and observe behavior as 


pressure falls. , . . , , A 

c. Mix about 1 gm. of similarly sized calcite with the third lot and 

acid, if necessary, to produce gas evolution therefrom. O ser\ 

behavior. . , . , ar ,A 

d. Place the fourth in a test tube, shake vigorously for 1 mi • » 

quickly observe the action in the system when the tube is broug 
rest. 
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Watch particularly for likenesses and differences. 

9. Place about 5 gm. of a mixed quartz-galena sand as prepared in 
(8) in a clean test tube and fill the tube about half-full with clean tap 
water. Add about 1 cc. of Nujol from a freshly opened bottle. Cork 
tightly with a clean cork stopper. Invert the test- tube several times 
without shaking but in such fashion that the solid matter comes in 
contact with the oil. Observe the oil globules with a binocular micro¬ 
scope. Finally shake the tube vigorously and again observe the 
globules. 

10. Uncork the tube used in (9), stopper with the thumb, and repeat 
the agitation and observations of (9). 

11. With the same tube and materials, add a drop of oleic acid and 
repeat the agitation and observations of (10). 


Captive-Bubble Testing 

12. a. Cleanliness. In a system comprising a mineral particle or 
particles, water, an air bubble, and apparatus consisting of cell, bubble 
holder, bubble feeder, and tongs, a captive bubble will not make contact 
with (displace water from the polished surface of) any of the usual 
minerals in metalliferous ores if the system is substantially free of organic 
contaminants. Attainment of such cleanliness is difficult; it requires 
constant and great care. If, upon test, even a slight cling of the bubble 
is observed, it is certain evidence of contamination; the cleaning 
process should thereupon be repeated, in whole or in part as necessary, 
before proceeding further with any given part of the experiment. 

b. Cleaning the system. The cell, bubble holder, and bubble feeder 
should be soaked in chrome acid cleaning mixture for at least 15 min. at 
the start of each testing session. Thereafter rinse the apparatus 
thoroughly (5 to 10 min.) in running tap water to remove adhering acid. 
During such washing substantial freedom from organic contaminants 
will be indicated by the fact that upon removal from water there is no 
tendency for the adhering water to draw together in droplets. Do not 
permit clean surfaces to dry in the air: keep them wet, preferably under 
running tap water, from tin* time of cleaning until needed in tests. 

Test specimens and tongs are cleaned and kepi clean until time of use 
by scouring lightly with wet. abrasive and keeping them wet at all times 
from the beginning of cleaning until completion <>1 the test. Hands 
should be washed thoroughly with soap and water and well rinsed before 
handling either longs or specimens, if rubber gloves are not worn. 

Test solutions should be made up in such a way that contamination of 
reagents is kept to a minimum. Solution containers should be cleaned 
and handled as in careful quantitative analysis. 
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c. Order of procedure in preparing for a test should be as follows: 
(1) Soak apparatus in cleaning solution as prescribed in (6). (2) Clean 

tongs as in (b) and place in a beaker under running tap water so that 
they are submerged to a point slightly above the joint and so that the 
stream falls on the joint. (3) Make up any solutions that are to be 
tested during the day’s campaign with distilled water. (4) Rinse 
apparatus as in ( b ) and place in running tap water until ready to use. 

(5) Clean and polish test particles with re-levigated alumina, preferably 
kept in a stoppered bottle with a pointed delivery tube. Pressure in 
final polishing for test should be light to guard against scratching. It is 
essential to remove adhering alumina at the end. This is done by flood¬ 
ing the wheel with clean water and gradually lifting the specimen so 
that a strong current of water flushes across the face. Rinse specimen 
thoroughly under running tap water, place in a small Petri dish, test- 
side up, under clean distilled water, using tongs. (6) Examine test faces 
under binocular microscope while in Petri dish, to be sure that removal 
of abrasive has been complete, so far as may thus be observed. (7) Place 
about 200 cc. of distilled water in test cell and transfer test particle or 
particles to cell quickly and without permitting the polished surface to 
drain; then test for bubble contact as below ( d ). If no contact occurs, 
the particle is ready for test in solution; if there is contact, repeat (5), 

(6) , and (7). If this does not suffice, repeat (1) and (4) as well. If 
this fails, start over. Meticulous and constant care is the price of 
success in this procedure. 

cl. Test procedure: (1) Place about 200 cc. of test liquid in clean test 
cell. Dry outside of cell with a clean towel. (Be careful that neither 
hands nor towel touch rim of cell or solution surface therein.) Place 
particle tested clean in cell, low side toward camera. (2) Place bubble 
holder in vernier clip, touching it only at upper end during such 
placing, and being careful not to strike and injure polished surface. 
(3) Raise holder sufficiently above particle surface to permit introduc¬ 
tion of a bubble with the bubble feeder, and introduce a bubble slightly 
smaller in horizontal section than the outer diameter of the bubble 
holder. (Guard against drying of any part of the bubble feeder that 
passes through the surface of solution in the cell.) (4) Bring the bubble 

into contact with the test particle at a good part of the polished surface, 
preferably near the center thereof, and press down until the bubble is as 
greatly deformed as is possible without pushing it out of the holder. 
(5) Leave bubble pressed down for 1 min. (6) Back off holder slowly 
until area of contact just begins to contract. (7) Tap or otherwise 
vibrate the holder lightly to enable the bubble to reach an equilibrium 
position. (8) Measure angle both sides with a protractor. 
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13. Make cleanliness tests as in (I2c) for the following minerals: 
galena, sphalerite, quartz, apatite. In each case, if the test indicates 

cleanliness, move on immediately to (14). 

14. Test each of the above particles separately in a solution of 
potassium ethyl xanthatc, 25-mg.-per-li. concentration. 

15. Reclean the test particles as in (12c), make cleanliness tests as in 
(13), and then test as in (14) with sodium oleate solution, 25-mg.-per-li. 


concentration. 

10. Note that if, in any of the tests in (14) or (15) in which contact is 
established, the liquid in the cell is quickly cooled, as by introducing 
solid CO 2 to the cell, droplets of water appear on the particle surface 
within the bubble, and the contact angles (through the liquid) for these 
droplets are the same as those for the bubble itselt against the particle. 
Similar droplets can be formed similarly in the bubbles of Procedures 


3, 5, and 0. 

17. Introduce some freshly dry-ground galena sized to G5 ~ 100-mesh 
into a solution containing 25 mg. per li. of KEtX in a bubble-test cell 
and pick up a number of the particles on a bubble. Raise the bubble 
some distance in the cell and then, with a medicine dropper, bring to the 
upper part of it a small drop of Nujol in which about 10% of amyl 
alcohol (or other alcohol f rot her) has been dissolved. 

18. Produce a large captive bubble at about the center of a cell filled 
with KEtX solution as in (17). The bubble should be large enough to 
project somewhat beyond the edge of a holder bent somewhat from the 
vertical. Place several particles of Go ~ 100-mesh galena on a glass 
spoon, immerse the spoon in the solution above the bubble, and hold it 
there for a minute to permit collector coating. 1 hen lower it to a point 
just above the bubble and with a glass needle push oft particles one at a 
time so that they fall onto the bubble. 

19. Repeat (18) in a solution containing additionally 25 mg. per li. of 

c resol. 

20. Repeat (18), after first coating the bubble with Nujol as in (17). 


Laboratory Questions: 

1 . What is the state of the material on the rubbed surface of the 
platinum plate in Procedure 3? How does it differ in conformation 
from that on the quartz in Procedure 7? 

2. What is the probable bubble tilling in Procedures 3, 5, and 0? 
Where did the bubbles come from? What caused them to form? 
Clive argument for answers. 

3. Correlate the observations in Procedure S with those in Procedures 
3, 5, and 0. 
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4. Compare the froth in Procedure 8 d and what you could see of its 
formation with those in Procedures 8a, 86, and 8c. 

5. Compare the position of the mineral with respect to the air in 
Procedures 10, 11, 17, and 20 with that in Procedures 3, 5, 6, 14, 15, 18, 
and 19. 

6 . Correlate the results of Procedure 14 with those of Exp. 11. 

Time: 

Three laboratory periods. 

Report: 

Report should comprise a comparison of the various methods of gas introduction 
and bubble attachments studied, with cause-and-effect relationships developed, 
likenesses and differences established, and postulates of mechanism developed that 
are in accord with established physicochemical principles. 
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13. GAS-LIQUID INTERFACIAL PHENOMENA 

Objects: 

1 . To interpret several simple manifestations of surface tension in 
terms of equilibria between hydrostatic, interfacial, and mechanical 

forces. 

2. To compare several methods of measuring surface tension. 

3. To study the differences in behavior of nonpolar and sparsely 
soluble polar organic compounds at air-water interfaces. 

4. To study the effects of relatively soluble polar organic compounds 

on surface tension and frothing. 

Apparatus: 

1. Two glass plates, c.g., 4 X 5-in. photographic plates, waxed both sides with 
purified “paraffin wax,” which has been melted at very little beyond its melting 
point and held there for only a short time. A stirring rod similarly waxed for about 
1 in. at one end. 

2. Microscope slides. 

3. Two unwaxed glass plates as in (1) and a spacer strip about 0.3 X 5 X 150 mm. 
of stainless steel. 

4. Two capillary tubes of about 0.1- and 0.5-inm. bores and about 20 cm. long. 



5. A tee of glass tubing, with stopcocks in the stem ami both arms, as shown in 

Fig. 8. 

0. A .surfjirc—tension balanee {Fig. *’>, FIki|i. \U). 

7. A 100-er. burette with uniimrred ground tip of known internal diameter. 

8. An 8 X 10-in. glass photographic tray. 


Materials: 

1. Soap-gly«crine solution. Make by saturating water with Ivory soap, adding 
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1 part glycerine to 2 parts soap solution, permitting to stand for a week, and then 
pouring clear liquid from sludge. 

2. Specific reagents as mentioned in the various procedures. 


Procedure: 

1 . Place a drop of clean water from an ordinary medicine dropper on 
a waxed plate set horizontally. Distort it in various ways with a waxed 
stirring rod. Observe carefully, paying particular attention to changes 
in elevation and degree of curvature of different parts of the drop. 
Make careful sketches illustrating typical behaviors. 

2. Clean a microscope slide with successive washings of benzene, 
ethyl alcohol, water, cleaning solution, water, alcohol, and ether. Place 
a drop of water as in (1) on the upper side of the slide. Invert slide 
quickly in such a way as to bring drop to underside and place it on 
supports in a horizontal position so that the conformation of the pendent 
drop may be studied carefully. Sketch a diametral cross-section of the 
drop, paying particular attention to variations in curvature. 

3. Clean two glass plates (item 3 of Apparatus) by successive washing 
with benzene, ethyl alcohol, water, cleaning solution, and water, the 
final container being large enough to permit introduction of the hands 
for manipulation of the plates submerged. While submerged in the 
final wash, bring the plates together in register, insert the spacer (which 
has been cleaned by scouring with alumina powder and thorough rinsing 
in running water) parallel to and about 1 in. away from a long side of 
the plates, and then bind the system together with rubber bands spaced 
at about the quarter points of the long dimension. Then, turning the 
system so that the spacer is vertical and holding it between thumb and 
fingers of one hand near the upper end, clip the lower edge into clean 
water in a shallow pan. Make a sketch of the boundaries of the water 
against the plate system, both in side elevation and in representative 
transverse sections. 

4. Similarly, but without washing, make up a system of waxed 
plates, spacer, and rubber bands and dip the system into clean water in 
a large beaker. Make sketches as in (3). 

5. Clean a glass capillary tube of known diameter by the cleaning 
procedure prescribed in (3), then dip it into a beaker of clean water. 
Observe the behavior of (he water. Vary the submergence of the tube. 
With a hand lens examine the behavior at the top of the water column 
in the capillary as the latter is slowly submerged so that the projecting 
tube is shorter than the previous height of liquid column. See Lab. 

Q. 1. 

0. With the stopcocks on the stem and one arm of the glass tee 
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(item 5 of Apparatus) open and the third cock closed, dip the open arm 
into a glycerine-soap solution (item 1 of Materials), remove, and blow 
into the stem to form a small bubble, then close the arm stopcock. 
Similarly blow a large bubble on the other arm and close all stopcocks. 
Predict the behavior when the two bubbles are put into communication, 
then open the arm cocks, and test the prediction. 


Measurement of Surface Tension 

7. Clean the burette (item 7 of Apparatus) with chromic acid solu¬ 
tion and several rinsings with tap water, then fill to the mark with dis¬ 
tilled water at room temperature. Adjust stopcock to a delivery rate 
of 2 drops per min. Collect 30 drops in a tared watch glass ami weigh. 
Observe carefully the conformation of the drop throughout its life, 
particularly its diameter at the point of break relative to the diameter 
of the burette tip. Determine, if possible, by start-stop observations 
after the preceding measurement is completed, whether there is a point 
in the downward progress of the bubble beyond which static equilibrium 
is no longer attainable. 

8. Clean the burette and again fill with distilled water, then immerse 
the tip a known distance into benzene in a small beaker. Adjust stop¬ 
cock to deliver about 2 drops per min. Read level in burette at end of 
a drop and again at the end of 20 to 30 additional drops. Repeat with 
the tip immersed to a dilferont known depth. 

0. Repeat (7), using benzene, but use a small tared flask instead of a 
watch glass to prevent undue evaporation of the emitted benzene. 

10. Chain a capillary tube of known bore as in (5), immerse the lower 
end in clean water in a beaker, and clamp it into position for measuring 
the height of rise of water. Repeat with a tube of different bore. Cal¬ 
culate surface tension on the assumption of Lab. Q. 3. 

11. Reclean one of tin.- above capillary tubes as in (2) and repeat (10) 
wit h benzene. 

12. Hang a glass microscope slide having a hole drilled near one* end 
on its center line from the load stirrup of the surface-tension balance 
(Apparatus, item 0). Place the rider on zero and place chain vernier 
on zero, then balance the beam by a counterweight. Remove and clean 
plate with chrome cleaning mixture and then water, and rehang, handling 
with clean tweezers. Place a clean Petri dish containing water on the 
movable platform and raise until the lower edge of the plate is sub¬ 
merged. Lower beam onto knife edge and bring pointer into balance by 
suitable movement ot one or the other adjusting wheels. Then lower 
plat form and add weight simultaneously at such rclat ive rates as to keep 
pointer in balance until the balanced system fails. Observe closely the 
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conformation and behavior of the water surface at the break. Deter¬ 
mine plate dimensions by micrometer. Calculate surface tension on the 
assumption of Lab. Q. 3. 

Surface Effects of Various Organic Liquids on Water 

13. Clean a glass tray with chrome cleaning solution and thereafter 
overflowing running water. As a test, slop out some of the water with¬ 
out touching the overflow rim, dust the surface very lightly with un¬ 
medicated talcum powder, and then blow the talcum gently toward one 
end of the tray. If the talcum moves to a band *4 to >4 in. wide and 
stays there when the blowing stops, the water surface is sufficiently clean. 

14. Redust the surface obtained in (13) with talcum and float a chip 
of clean paraffin wax at about the 24 point of length and near the center 
line. (Clean paraffin, thus introduced, should not cause the talcum to 
spread away from it.) Dip a Pt wire into oleic acid, shake hard to 
remove as much of the liquid as is thus possible, and touch the water 
surface at about the center of the distance from the wax chip to the 
farthest end. Observe particularly the time relation between the 
introduction of the oleic acid and any movement of the paraffin chip. 
Redust and blow the talcum as before. 

15. Grasp a strip of clean dry bond paper about 24 in. wide and about 
2 in. longer than the width of the tray at the ends between thumbs and 
forefingers; tilt paper at about 45° with the lower edge nearer the body 
and with sufficient tension on the strip to keep the lower edge straight; 
blow along the tray from one end, moving the head so as to cause the 
talcum layer to recede slightly from the near end of the tray, and insert 
the lower edge of the paper strip into the water across the cleared space 
with the thumbs pressing the paper against the walls of the tray slightly 
below the water surface (guard against contact of the thumbs with 
water); move the paper to the far end of the tray, sweeping the talcum 
before it and guarding against leakage past the parts of the strip against 
the walls. If this procedure is proper^ carried out, the ends of the 
strip will adhere to the tray walls sufficientlj r to hold the strip in place 
when the hands are removed from it. Test the swept surface with tal¬ 
cum. Sweep with a second strip, leaving the first in place, and test 
again with talcum. 

10. Reclean the tray, dust the clean surface, and add a large drop of 
Nujol poured from a bottle freshly opened, with care taken to prevent 
the fingers coming into contact with the lip of the bottle. Observe the 
behavior. Thereafter, with a Pt wire dipped into oleic acid and shaken 
as in (14), touch the top onlj' of the Nujol drop. Observe closely over 
a period of one to several minutes. 
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17. Repeat (16) except this time let the oleic-coated wire penetrate 
the drop and enter the water. 

18. Assuming for purposes of calculation that oleic acid molecules 
are cubical and that when suitably crowded they will pack at an air- 
water interface as paving bricks are laid, calculate the concentration 
of oleic acid in benzol that would be required in order that 10 drops of the 
solution from a known dropper would, upon evaporation of the benzol, 
leave enough oleic acid to just cover the water in a circular dish 6.5-cm. 
diam. with a monomolecular layer. Devise a method of making such a 
solution, using not more than 25 cc. of benzol. Make the solution and 
check by means of the photographic tray and talcum powder. Calcu¬ 
late the thickness of the film of oleic acid and the mean area covered 
by a single molecule. 

Noth: The test for completeness of coverage is to dust with talcum and blow 
gently along one end of the tray, moving the head from side to side. If the talcum 
layer snaps back immediately blowing against one side ceases, the coverage is 
complete. 


19. Determine the effect of oleic acid on air-water interfacial tension 
(using the surface-tension balance) by measuring the pulls after suc¬ 
cessive drop-wise additions of the benzol solution of (17). This is a 
tedious experiment, since the measurement ot pull must be deferred 
after each addition until the benzene has evaporated. Best results 
have been obtained by cleaning the solution dish and tension plate as in 
(12) after every addition of 6 or 7 drops and then introducing to this 
cleaned system containing clean water the cumulated quantity ol 
benzene required to equal that previously added plus the next drop. 
Continue this procedure until a termolecular film [about 30 drops, 
according to (18)] has been added. 

Plot surface tension vs. drops added. 


Fkotiiing 

There are no standard methods ol quantifying frothing power of 
solutions. The method prescribed below gives approximate relative 
values only. 

20. Make up amyl alcohol solutions in water of the following 

strengths: 5, 1, 0.5, 0.05, and 0.005%. 

21. Determine the surface tensions of the solutions prepared in (20). 

22. Clean a test tube thoroughly, then place 10 cc. ol the 5% amyl 
alcohol solution in it, and stopper with a clean cork. Using a reciprocat¬ 
ing longitudinal motion, shake test tube for 30 sec. At the end ol the 
shaking, start a stopwatch, place test tube gently into rack, and detei- 
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mine the time which elapses before clear solution appears at the center 
of the froth mass. 

23. Repeat (22) with the other solutions prepared in (20). 

24. Prepare solutions of methyl, ethyl, propyl, and butyl alcohol hav¬ 
ing concentrations equal to that of the amyl alcohol solution showing the 
most stable froth. (Instructor should furnish surface-tension curves.) 

25. Determine the froth stability of solutions prepared in (24), using 
the method of procedure of ( 22 ). 

26. Put 10 cc. of a 0.005% amyl alcohol solution in a test tube and 
add about 1 gm. of 200-mesh galena previously conditioned with KEtX. 
Stopper, shake for 30 sec., and determine froth-stability time. 

27. Fill a 500-cc. beaker with water and, using a small two-legged 
stirrup of fine wire, float a slightly greased steel needle upon its surface. 
Place a paraffin chip near the periphery. Using a small hand magnet, 
rotate needle and observe behavior of the chip. Next dust the surface 
completely with galena oleated by immersion in a benzene solution of 
oleic acid and then dried. Repeat rotation of the needle and observe 
behavior of the galena and chip. 

28. Place enough of an oil-soluble water-insoluble dye (e.g., Sudan 
III) into a small quantity of a frothing agent (cresol, pine oil, or one of 
the C 7 ~ C 14 alcohol frothcrs). Partially fill a small mat-type pneu¬ 
matic cell with water, turn on air, and add a drop of the dyed frother. 
Vary the air quantity. Add a drop of Nujol and repeat. 

Laboratory Questions: 

1. What general law of energetics would be contravened if the 
capillary in Procedure 5 overflowed? What brings the system into 
static equilibrium? 

2. In Procedure 6 , in which bubble was gas pressure the higher before 
opening the stopcocks? Why was the pressure unequal? Was the 
pressure in either bubble above atmospheric before the cocks were 
open? Below atmospheric? 

3. What holds the droplet on the burette tip in Procedure 7? Draw 
a force diagram at the instant preceding the break, assuming validity 
in the convention that surface energy exhibits itself as a force tangential 
to the surface. Calculate the surface tension of water against air on the 
basis of your force diagram, using the data of Procedure 7. 

4. What is a visual test for cleanliness of the bore of a capillary tube? 

5. Sketch in the forces that maintain the pendent drop of water in 
static equilibrium in Procedure 2. 

6 . Sketch in the forces that maintain the water between the plates 
in Procedure 3 in static equilibrium; in Procedure 4. 
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7. Explain why the convention of forces tangential to the liquid-gas 
interface is used in calculation of the magnitude of surface tension in 
Procedures 7 to 12 inclusive. 

8 . Show that what is weighed in Procedure 12 is the water raised 
above the general level in the Petri dish. 

9. What is it that the talcum band blown to one end of the tray in 
Procedure 13 denotes? 

10. What force moves the paraffin chip in Procedure 14? How does 
the air-liquid interface at the end of this procedure differ from that at 
the end of (13)? 

11. What does (15) indicate as to the location of the oleic acid? 

12. Correlate the difference in behavior of the oils used in (14) and 
(16) with their chemical structures. 

13. Correlate any differences in behavior in (16) and (17) with the 
differences in procedure. 

14. Explain the behavior in (26) in light of the data of (27). 

15. What is the indication of the results in (28)? 

Time: 

It will require three or four long laboratory periods to perform this experiment 
completely. It is recommended that students in the elementary class perform only 
Procedures 1, 7, 10, 11, 13, 14, 15, 10, 17, 18, 20 (instructor should furnish the data 
for 21) 22, 23, 24, 25, 20, 27. This should require not more than two periods. 

Report: 

The elementary report should contain a hydraulic analysis of (10) and an ex¬ 
planation of (1) in terms of this analysis; it should show reasonably complete under¬ 
standing of (13) to (18), and of the relation between surface-tension-concentration 
curves and frothing effect. The advanced report should comprise reasonably full 
treatment of the topics listed in Objects 1 to 4 and of all the Laboratory Questions. 
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14. FLOTATION MACHINES 

Object: 

To study the place and method of concentration in agitation-type and 
bubble-column-type machines. 

Apparatus: 

1. A square transparent container, about 4 in. in transverse dimension and 16 to 
18 in. deep, fitted near the bottom with a cruciform impeller with vertical blades 
and 3-in. tip circle, capable of a speed range of about 50 to 1,500 r.p.m. There should 
be an opening extending from the back of one impeller blade near its tip, thence 
through the center of the blade to the center of the shaft, upward through the shaft 
to the top, and thence through a stuffing box to a manometer. 

2. A pair of slotted plates fitted to rest on a collar on the shaft of item 1 in a 
position below the liquid level, the fit being sufficiently close to prevent vortex 
formation during revolution. 

3. A finely porous fritted-glass disk about 2-cm. diam. with feed tube long enough 
to extend above the top of the jar when the disk is just above the impeller. 

4. A circular glass-walled mat-type pneumatic cell of about the same transverse 
section as item 1. 

5. A 10 X hand glass. 

6. Strong diffused illumination, readily adjustable. 

Procedure: 

1. Add 1,000 cc. of tap water to the square-glass-jar machine. Start 
impeller at lowest speed and gradually increase, observing closely the 
changing conformation of the surface and the indicated currents. At 
the point that air first begins to be engulfed at the surface, study the 
mechanism of engulfment carefully. Then observe in what way this 
changes, if at all, as speed is gradually increased. 

2. Clean the slotted top plates with scouring powder, rinse well, 
and place them in position about 1 in. below the surface of the water 
at rest. Connect the manometer to the stuffing box at the top of the 
impeller. Agitate through the same speed range as above, and record 
gage readings at the various speeds. Note particularly the speed at 
which cloudiness begins to appear around the impeller and whether this 
appearance correlates with any break in the pressure-speed curve. 

3. Remove vacuum-gage connection. Plug hole in back of blade with 
modeling clay. Fill cell to above plate level with fresh water and put 
plates back. Increase impeller speed gradually until a cloud appears 
around the impeller. Measure speed. Stop impeller, release gas under 
plates, and again bring speed up to appearance of cloud. Measure 

speed. 

4. Remove plates and water. Charge, in 900 cc. of fresh water, 
300 gm. of a relatively high-grade ore (preferably galena with a light- 
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colored gangue) dry-ground to about 100-mesh, and add sufficient amyl 
xanthate or oleic acid with pine oil as a frother so that a heavy persistent 
froth rises immediately after 3-min. agitation at 1,000 r.p.m. (This 
may require several times as much collector and more frother than are 
required in a normal test in the usual laboratory batch-test machine.) 
Note the color of the agitated pulp at the beginning and near the end of 
the agitation period. Examine the froth with a 30 X binocular as 
quickly as possible after agitation ceases, noting particularly particle 
movement therein. Note the way in which the froth forms on cessation 
of agitation. Note its behavior on standing. Note any variation in 

color of the froth layer from top to bottom. 

5. Empty machine; recharge as in (4) with impeller at 300 r.p.m. 
Introduce fritted disk in one corner, fasten in place about ^ in. above 
the impeller, and turn on air. Hun thus for 10 min. Observe and 
compare with corresponding observations in (4) both during and after 
agitation and aeration. 

G. Turn on a little air in the pneumatic machine. Add a measured 
amount of water to fill it to about the quarter point. Add one-third 
of this weight of the same ore as used in (4). Add the same reagents in 
the same proportions as in (4). Place a loose wad of paper in the top 
of the tube to prevent overflow and spattering. Turn air down as low as 
possible and still keep a deep column ol bubbles. Study the beliavioi 
of the bubbles. Note any variation in color of the bubble column from 
bottom to top. Observe the intcrbubble pulp until it is possible for 
you to distinguish sulphide and gangue particles. 

Time: 

One laboratory period. 


Report: 


Report should argue the question of likeness or d 
of concentration in Procedures •! and 0, and should 
experiment with those of Exp. 12. 


iffercnce in the place and method 
correlate the observations of this 
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15. JAW CRUSHER 

Objects: 

1 . To study the means of force multiplication in the machine and 
estimate the extent of multiplication at the mouth and throat, both 
step by step and overall. 

2. To compare the actual capacity of the machine in a laboratory 
run with various capacity formulas. 

3. To determine size distribution in crusher product and relate it to 
the operating conditions prevailing. 

Apparatus: 

1. A jaw crusher, preferably with vertically corrugated jaw plates, provided with 
variable-speed drive and means for measuring power consumption. Tachometer. 

2. A set of standard testing sieves. Corresponding scales and balances. 

3. Two straight-edged D-handle shovels and a smooth sampling floor. 

4. Straight edge, carpenter’s level, rule, inside and outside calipers of sizes adapted 
to measurement of crusher parts and movements. 

5. A suitable bar with provision for bolting it to the drive pulley to serve as the 
power arm of a lever for manual crushing. 

M atcrials: 

As per procedures. 

Procedure: 

1. Remove drive belt. Sketch actuation in order from drive pulley 
to swing jaw, making a separate sketch for each element in the chain of 
actuation. Identify the nature of each element in terms of “simple 
machines,” e.g., lever, wedge, etc. 

2. Measure the relative movements involved in each simple machine. 
Determine in each case whether the motion ratio is constant in magni¬ 
tude and sign throughout a revolution. If not, determine the nature 
of the variation. 

3. Measure the overall motion ratio and compare the indicated 
force multiplications by cumulation and overall. 

4. Attach lever bar to drive pulley (or flywheel) and determine its 
force-multiplying characteristics. 

5. Select a piece of rock, preferably with some geometric symmetry 
(e.g., a paving block), free of obvious cracks, and of such size that it 
seats near the mouth of the crusher. Weigh. Seat it and apply known 
loading to the lever bar, as nearly statically as possible. Observe 
behavior of the block closely, paying particular attention to the areas 
in contact with the jaws. Continue loading until a break occurs. 
Make the necessary measurements to estimate the applied forces. 
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Collect the fragments of the block. Weigh discharge collectively and 
retained fragments individually. Reconstruct the block as nearly as 
possible. Sketch the break lines in such a way that their relation to the 
loading is shown. 

G. Repeat (5) with the retained fragments separately until all is 
undersize. 

7. Repeat (5) with a similar block, except that this time make the 
loading dynamic. Do this by choosing a block which will be loaded 
with the lever bar at between 20 and 30° below the horizontal. Then 
back bar off about 45°, apply a load about half that which caused a 
break in (5), and allow the bar to fall. Estimate the falling velocity. 
If break is not effected, repeat with increasing load until it is. Estimate 
weight of pulley and flywheels. 

8 . Using static loading, determine the force required to break a 
weight of particles equal to that of the block used in (5) when these are 
seated near the throat. 


9. Prepare from a lot of the same material, which is all of a limiting 
size that will just seat in the crusher (thickness about 85% of crusher 
gape), 5 batches as follows: (a) all of the same weight.; (6) of sufficient 
weight to require about 10 min. to run at maximum feed rate on a full- 
range natural batch; (c) 3 of the batches full-range and 2 scalped at 1.7 
times the crusher setting [see (10)]. 

10. Set crusher to maximum open setting and the average unloaded 
speed recommended by the manufacturer for the crusher used. Run 
idle until the power draft is constant (warming bearings). 

11. When constant idling power has been reached, feed a batch of 
full-range feed at the maximum rate that the crusher will take without 
stalling. Record net crushing time and energy consumption. Repeat 
with a similar batch of scalped feed. 

12. Reduce crusher speed to the minimum of the manufacturer s 
recommended range and make a run on a full-range batch. 

13. Increase speed to the maximum of the recommended range and 
make a run on a scalped batch. 

14. Change crusher setting to a minimum and speed to that of (11) 
and make a run on a full-range batch. 


15. Sample the various products. Sampling procedure should be 
based on limiting-particle size. II this is coarser than 1-in. sq. mesh, 
shovel sampling should be employed and sample weight should range 
from about 10 lb. for 1-in. limiting upwardly in rough proportion to the 


square of the limiting size. For smaller 
quartering, and reduce sample weight 


limiting sizes use coning-and- 
in the proportion previously 


stated. 
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16. Make sizing tests on the samples. On large samples undersize 
of the 6-mesh screen may be riffled to between 250 and 300 gm. and the 
weights of the fractions of this reduced sample reproportioned to the 
fractions of the larger sizes on the basis of the weight reduction in 
riffling. 

Laboratory Questions: 

1. The instructor should make certain by questioning at the end of 
Procedure 3 that the squad understands thoroughly the significance of 
the measurements made and that reasonable check exists between the 
force multiplications indicated by cumulation and overall calculations. 

2. On the basis of Procedure 3, what force was required to cause the 
breaks effected in Procedure 5? On the basis of the major breaks 
effected in (5), what is the indicated breaking strength of the rock in 
pounds per square inch? How does your answer compare with pub¬ 
lished figures for the strength of similar rock in compression? 

3. Do the forces required for the successive breaks in (5) and (6) bear 
any relation to the dimensions of (a) the particles; (6) the break areas? 

4. Explain any differences found between the applied forces necessary 
in Procedures 5 and 7; between (5) and (8). 

5. Have you the data required for solving for K m , K t , K and Tr as 
given in the attached table of formulas? 

6 . What is the principle upon which shovel sampling is based? 
Coning-and-quartering? Riffling? 

Time: 

Three or four laboratory periods will be required for proper performance of this 
experiment. Elementary students should omit the procedures of the last three 
linos of (5), (6), (12), (13). Then, if their sizing tests are performed by the assistant, 
they can finish in two periods. 

Report: 

The report should comprise a thorough exposition of the mechanism of the crusher 
and of its suitability for primary crushing; an analysis of the various capacity formu¬ 
las from the standpoints of dimensional homogeneity, physical reasonableness, and 
empirical utility; correlation of limiting size and size distribution with the operating 
conditions; and exposition of the sampling methods employed. 


Formulas 

The following are some of the capacity formula that have been proposed. 
Michaclson’s formula: 

m 500 w(s+t)„ 

1 m — rVm 
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Taggart's formula: 


Hersam’s formula: 


T, = „ <i±i> K, 


m 54 nuxft(o 2 - s 2 )10 —5 _ 

Th =- K h 

g — s 


where 


T = tons per hour. 
w = width of receiving opening 
(inches). 

s = closed set (inches). 
t = throw (inches). 
o = open set (inches). 


Km f Kt y Kh 
8 


r.p.m. 

depth of crushing zone 

(inches). 

gape (inches). 

constants. 

sp. gr. of rock. 


R&luction tons: 


Tn = TRsoKK'K‘ 


where 


Tr = reductions tons per hour. 

T = tons per hour. 

Rso = 80% reduction ratio. 


Reduction ratio: 


Rso = 


K = constant depending upon crusha- 
bility of rock; assume K = 0.85 
for granite and 1 for limestone. 

K' = constant depending upon moisture 
content. For dry feed K = 1. 

v" = constant depending upon feed con¬ 
ditions. K" = 0.75 to 1 for jaw 
crusher as fed in laboratory. 

<ho ./ 

dso.p 


where o./ = screen size which will pass 80% of feed. 

d H o, P = screen size which will pass 80% of product. 



566 


EXPERIMENT 


[Appendix 


16. ROLLS 

Objects: 

1. To determine the ways in which the breaking forces are applied in 
rolls. 

2. To determine the effects of operating conditions on (a) the method 
of breaking; ( b ) capacity; (c) size reduction. 

Apparatus: 

1. A set of belt-driven rolls, preferably between 12- and 18-in. diam. capable of 
speed variation, and with provision for reading power input. The feeding arrange¬ 
ment should be such as to give free vision of the crushing zone and permit hand 
control of feed rate. (Belts and pulleys should be thoroughly guarded, but the 
guards should be readily removable to permit belt removal and hand drive of the 
open-belt pulley.) 

2. Inside and outside calipers, millimeter-inch rule, revolution counter. 

Materials as described in Procedures. 

Procedure: 

1. Set rolls to J/g in. at center of face and start them at average 
speed. 

2. From supplies of closely sized rock particles having thicknesses 
of about in., ^ in., 3^ in., % in., % in., 1 in., and in. choose 
several pieces of each size. Starting with the 34~in. size, caliper the 
maximum thickness of a piece, record, drop it into the vee of the rolls 
near the center, and observe closely the behavior of the particle with 
the view to determine how it is seized and broken. Pay close attention 
to both particle movement and sound. Repeat with two or three 
particles of each size in the order listed until failure to nip becomes 
consistent. At this point, with unnipped particles dancing in the vee, 
shut off power. 

3. Belt the power roll only, set speed at the minimum possible, and 
repeat (2). 

4. Repeat (3) with power roll driven at normal speed. 

5. At the size at which nip fails in (4), sift some sand onto a dancing 
particle. 

6 . Prepare two lots of feed as follows: (a) full-range with a limiting 
size that will be readily nipped with the rolls set at about > n -1 (b) the 
same material scalped at 0.2-in. The weights of the lots should be 
sufficient to supply Procedures 8, 9, and 10. 

7. Belt both rolls and run until bearings warm and power consump¬ 
tion is constant. 
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8 . Set rolls for a nip angle of 25° for the limiting size of lot 6a, and 
for a speed of about 500 f.p.m. peripheral. Feed lot 6a at the maximum 
rate possible without stalling. Make a 5-min. run and record weight 
fed and total energy consumption. 

9. Repeat (8) with lot 66. 

10. Repeat (9) with speed of 250 f.p.m. 

11. Repeat (8) with lot 66 and with crossed belt removed. 

12. Sample the products and make screen tests. 

Laboratory Questions: 

1 . In the tests with power drive and individual particles is there any 
relation between the movement of particles before nip and the relative 
movement of the roll faces? Between the sound at nip and the relative 
movement of the rolls? 

2. Considering the movement of particles, the relative movement of 
the roll faces both horizontally and vertically, and the sound of nip, 
in the tests with power drive and individual particles, what is your 
opinion as to the nature of the break effected? 

3. What is the effect of sand on nip? How is it brought about? 

4. What difference, if any, is there in the behavior of particles in the 
crushing zone with full-range and with scalped feeds? 

Time: 

One laboratory period. 

Report: 

Report should comprise as complete an analysis as possible of the behavior of 
particles in the crushing zone, of the way in which crushing is effected, and of the 
effects of operating variables upon performance. 
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17. MOVEMENT OF TUMBLING BODIES 

Object: 

To study the behavior of tumbling bodies of different shapes and 
sizes in rotating cylindrical shells. 

Apparatus: 

Glass- (or plastic-) ended mills of 12- to 18-in. diam., as described below. 
Procedures: 

1. Clean smooth-walled mill thoroughly, charge one 1-in. rod with 
diametral paint line across exposed end, close, and place on rollers. 
Operate at 30, 40, 60, and 80 r.p.m. and observe in each case the 
behavior of the rod both as the mill is brought up to speed and as it is 
held there. Determine top and bottom oscillating positions of rod at 
speed and apparent average position by determining elevations above 
a fixed known level. (Use a surveyor’s level or equivalent.) 

2. Repeat (1) with a % -in. rod; with a J^-m. rod. 

3. Repeat (1) with two 1-in. rods. 

4. Repeat (1) with four 1-in. rods. 

5. Repeat (1) with 14 1-in. rods. 

6 . Repeat (1) with 28 1-in. rods. 

7. Repeat (1) with a charge of 1-in. rods equal to 45% of mill 
volume. 

8 . Repeat (1) and (7) with mill having ship-lap liner run with (a) 
high edge trailing; (6) high edge leading (reverse mill on rollers). 

9. Repeat (1) with a single 1-in. ball having a circumferential paint 
band. 

10. Repeat (7) with 1-in. balls. 

11. Repeat (9) and (10) with ship-lap mill, run in both directions. 
Laboratory Questions: 

1. What are the relative peripheral speeds of rod and mill when a 
single rod is present? Two rods? A full charge? 

2. What are the determiners of the height to which a single rod is 
carried at a given speed? Two rods? A full charge? 

3. What is the nature of the energy change when a rod moves from 
the nadir of the shell to its high position? Is the nature of this change 
the same for a single rod in the mill and for each of the rods in a mass? 
Why? 

4. Estimate the power required to keep a single rod at its high posi¬ 
tion? 
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5. How would your answers to the above questions be changed, if 
balls were substituted for rods? 

Time: 

One or two laboratory periods. 

Report: 

Report should comprise as complete a picture as possible of relative angular and 
tangential velocities of shell and tumbling bodies in various positions in the mill and 
the best attempt at mechanical analysis of which the student is capable. 
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18. GRINDING IN TUMBLING MILLS 

Note : Short-time grinding tests in tumbling mills must be regarded as qualitative 
only. Equality of feed and discharge rates is rarely obtained; successive samples 
at supposedly constant feed rates rarely and apparently only accidentally agree in 
limiting size and size distribution, or even in percentage of solids; and changes in 
result following given changes in operating conditions are often in conflict with 
established relationships in commercial practice. The most that tests such as those 
following can do is to acquaint the student with the usual variables of practice and 
the testing methods employed to determine their effects. 

Objects: 

1. To determine the effects of changes in the operation of tumbling 
mills as indicated by sampling and screen testing. 

2. To test indicated results by tonnage sampling and by application 
of material balances. 

A-pparatus: 

The following procedures are based on the equipment available in the Columbia 
laboratory, viz., an 18 X 36-in. rod mill in open circuit and a 4^-ft. X 16-in. conical 
ball mill in closed circuit with an 18-in. single-rake Dorr classifier. Rod mill and 
classifier are arranged for variable-speed drive. 

Procedure: 

Rod Mild 

1. Weigh in a charge of lj^-in. rods to fill mill to a struck volume 
approximately level with the bottom of the discharge trunnion. 

2. From the dimensions of the mill and the volume of rods charged, 
estimate the pulp-displacement volume. 

3. Set speed changer to run mill at 55% of critical speed. 

4. During each of the following test runs, shine a light into discharge 
trunnion and observe movement of rods and of pulp. 

5. Start feeding lot 1 ( natural) at the rate of 7.5 lb. per min. 

with 5 lb. per min. of water, and continue feeding after discharge of sand 
starts until a volume of solids equal to twice the displacement volume 
of the mill has been fed. At this time cut a sample of about 100 gm. 
and make 4 more such cuts at 1-min. intervals, compositing them as cut. 

0. Double the feed rate with lot 1, holding pulp density as in (5) 
(= 00% solids). After twice the displacement volume of solids has 
been fed at the new rate, sample as in (5). 

7. Drop feed rate to 7.5 lb. per min. and reduce water to make the 
feed 70 to 75% solids. After one-displacement time, take a 1-min. 
tonnage sample in a tared bucket. Weigh wet and set aside for a dry 
weight. Repeat at the end of two-displacement time. Make sizing 
tests of riffled samples from both cuts. 
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8 . Change water-feed rate (holding solid-feed rate constant) to 
give a feed consistency of 45% solids. Sample as in (7). 

9. Change speed to 75% critical and moisture content of feed to 40%, 
holding solid-feed rate at 7.5 lb. per min. Sample as in (7). 

10. Remove 15% of rod charge and repeat (9). 

11. All samples should be collected in rust-proof containers with 
numbered metal tags attached and placed at a point indicated by 
instructor. A list of samples and corresponding numbers must be 
given to the laboratory assistant directly after completion of the experi¬ 
ment. Dry weights and sizing tests will be posted. 

Ball Mill-Classifier 
Feed is the same as used in rod-mill tests. 

12. Estimate the displacement volume for the ball mill charged with 
2,400 lb. of balls, when the pulp contains 00% solids. (Internal 
dimensions of mill are given in a sketch posted in laboratory.) 

13. Throw flip-flop on classifier-sand discharge to spill sand out of 
circuit. See that mill discharge is arranged to run to classifier, and 
classifier overflow is routed to pump and thence to thickener. 

14. Start mill empty of water and pulp, and read power consumption. 
Feed at rate of 1,000 lb. of solids per hr, with sufficient water to make 
a pulp of G0% solids. Observe displacement time at this rate, and at 
the end of this time test for steady state by rough sizing on discharge 
and constant power readings. When steady state is reached, take five 
sample cuts of mill discharge at 1-min. intervals to get a total sample of 
between 1 and 2 kg. of solid. Read power at the same time that sample 

cuts are taken. . w , in » 

15. Continue feeding at the same rate while performing (10) to (19) 

inclusive. 

10 Record gross wet weight of sample cut in (14). 

17 Cut a time sample of classifier sand of about 2-kg. weight. Weigh 
wet. Dry quickly anti weigh dry. Calculate dry tonnage and water. 
Calculate amount of water necessary to add to mill with this amount of 
sand running in order to maintain 00% solids. 

18. Rearrange circuit to circulate sand from classifier back to mill. 

19. Regulate water in classifier feed trough to give 20% solids in 

overflow. 

20. Continue with circulating-load operation until steady state is 
reached, as determined by sampling mill discharge for density (weight 
of a known volume of wet pulp), testing for size, and watching power. 

21. After steady state is reached, take time samples of mill discharge, 
classifier sand, and classifier overflow. 
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22. Determine wet weights of samples taken in (21), and deliver to 
instructor for sizing tests. 

23. Change feed-water rate to classifier to give an overflow density 
of 25% solids, assuming that sands maintain the same per cent moisture 
as in (17). Estimate effect on size of overflow product by cutting 
samples of substantially the same volume in beakers of the same size 
and observing sand volumes after equal short times of settling. When 
these samples indicate steady state, sample classifier sand and overflow. 

24. Holding feed density constant, increase rake speed by 15%. 
Estimate effect and take final sample as in (23). 

Laboratory Questions: 

1 . What evidences can you observe in operating mills that the 
rotation of tumbling bodies seen in Exp. 17 is present? 

2. If your estimate in (12) and your observation in (14) fail to check, 
explain. Does the surge of pulp that occurs in final shut-down bear 
on this question? Did the same surge occur on shut-down of the rod 
mill? 

3. Is it possible to correlate the minor surges in pulp discharge during 
operation of the ball mill with any structural feature of the mill? 

4. What effects did the various changes in classifier operation have 
on the mean rising velocities of overflow pulp to the classifier weir? 
Is this the determiner of limiting particle size in classifier overflow? 

Time: 

This experiment will require two long laboratory periods. 

Report: 

Report should state the indications of the tests and compare them with results 
of similar changes in commercial operations as set forth in operating records. 

If classifier is considered to be a concentrator for fines, the formula for ratio of 
concentration may be applied to the sizing tests in order to calculate tonnages of 
classifier sands and feed. Make this calculation and compare with time samples. 
In considering sizing tests, both limiting size and size distribution should be taken 
into account. 
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REPORT WRITING 

In present-day industrial organization it is practically impossible 
for the engineering graduate to serve his apprenticeship in a business 
as a laborer, because the labor unions have substantially complete control 
of labor placement and, whatever the cause, will not place such gradu¬ 
ates. As a result these men are started in laboratories, sub-subsuper- 
visory capacities, or frankly as observer-learners. In such positions 
their principal, often only, opportunity to evidence their worth is by 
means of written reports of their activities. Hence the organization 
and writing of such reports become a bread-and-butter subject of the 
general character that assaying and surveying were in mining and 
metallurgical curricula twenty-five years ago. These no longer serve 
for cost-of-living stepping stones for the young engineer because they 
are occupied permanently and satisfactorily at a low wage level by men 
of less training. 

In a way the situation is a fortunate one for the young engineer 
because practice in the thoughtful analysis of a technical situation that 
is the necessary prelude to an acceptable report is practice in the activity 
that engages most engineers throughout their proiessional woik. 


The things that go to the making of a good report are: 

1. Accurate observation of the essential features of the item under 
study, embodied in full and intelligible notes made at the time of 
observation. These are the first-hand facts. 

2. An acquaintance with existing knowledge of the subject matter, as 
broad as the amount of such knowledge and the exigencies of time 
permit. So far as is possible, gaining this acquaintance should precede 
the observations. These are the secondary facts. 

3. A record of all the ideas that have presented themselves during 
the entire course of the study up to and during the actual writing of the 
report. This is preferably a separate list, but considerations of orderli¬ 
ness should not prevent recording at the time that the idea presents itself, 


even if this requires the use of scraps of paper, book margins, and the 
like. Such ideas arc often fleeting—lost or recalled only imperfectly 
if not set down immediately. 

4. Sorting of the data into groups of like kind. This is a necessary 
preliminary to an orderly search for cause-and-effect relationships. 

5. Development of causc-and-effeet relations. This is essentially a 
rout ine operation based to a large extent on the following three principles 
of logical analysis. 
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A. Canon of agreement. Whenever a series of events, say, a, b, c, d e 
is followed by a given result, and another series, a, /, g, h, is followed by 
the same result, then, if the two lists of events are complete, event a is 
the cause of the result. Thus if Al, Bill, Charlie, Dan, and Ed comprise 
the entire list of visitors to a given dormitory room during a given 
evening, and at the end of the interval a book present there before the 
first visitor arrived is no longer in the room, and if on a subsequent 
evening Al, Frank, George, and Harry make up the complete visiting 
list and another book similarly disappears, the finger of suspicion 
points strongly at Al. Of course the host may have thrown both books 
out the window, or a dog or dogs with strong retrieving tendencies may 
have walked off with them—which points up the necessity for adequate 
checking (see item 6 below). 

B. Canon of difference. Whenever a series of events a, b, c, d, e is 
followed by a given result and another series a, b, d, e does not produce 
that result, then c is either the cause or an essential part of the cause of 
the result. Readers of whodunits should have no difficulty in supplying 
examples. It should be noted, however, that if the failing combination 
is a, b, x, d, e, it is possible that the production in the first instance was a 
combination of a, b, d, e or of some part of them, and that c was innocuous, 
whereas x was destructive. In other words, if two (or more) of the 
antecedents change at once, no valid conclusion as to cause and effect 


is possible. 

C. Canon of concomitant variations. Whenever, in a given system, 
a change in one component is followed or accompanied by a corre¬ 
sponding change in another, all other things remaining constant, then 
the second is a cause or effect or an essential part of the cause or effect 
of the first. This is the basis for the curves that serve in our engineering 
text- and handbooks in lieu of the dimensionally homogeneous equations 
of the textbooks of the established sciences. 

The important things in the use of this canon are accurate measure¬ 
ment, certainty that there are only two variables in the system, and 
some independent assurance that the variables are related. Thus 
Boyle, working with gases at room temperature, and without facilities 
for highly accurate measurement, reached the conclusion that the 
relation between pressure p and volume V was hyperbolic, i.e., that 
pV = K. It remained for Charles to show that there was the additional 
change of 1/273 + of the volume (or pressure) at the freezing point of 
water for each change of 1 deg. C. 

The early inquirer who correlated the source of summer heat with the 
sun and the variation of the effect of fire on himself with his distance 


from it, undoubtedly concluded that the sun was farther away from him 
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in winter than in summer. Through ignorance he overlooked the winter 
obliquity of the sun’s rays, their correspondingly longer path throug i 
the atmosphere, and the movements of air masses from the frigid an 

torrid regions beyond his ken. . , 

6 Once tentative cause-and-effect relationships are arrived at, 

the next step is to check them in such a way and to such an extent as to 
justify proceeding further with them as a basis. The almost universal 
method of checking is by use of the formula: “If this (the relationship) 
is true, it should follow that...,” wherein the concluding blank is 
something that experience indicates or knowledge certifies should or 
must follow. The adequacy of the tests and their number depend on t he 
breadth of knowledge and the fertility of imagination of the investigator. 

7. Why’s and how’s are next in order—explanation. r l bis is easier 
attempted if its nature is understood. In science and technology it 
normally comprises showing that the occurrence in question is a particu¬ 
lar case or part of some established generalization. Thus, once it. was 
shown that soluble collectors coat mineral particles by a displacement 
reaction that results in formation of a salt, insoluble in the system, and 
comprising an ion of the mineral and the oppositely charged ion of the 
collector, the coating phenomenon was thereby established as a particu¬ 
lar case of precipitation from solution. Thereafter all the established 
laws of chemistry dealing with such reactions became available for 
prediction and control. 

The procedure in explanation involves another more or less routine 


form, viz.: 

A. A postulate—dignified name for a guess—that the phenomenon 
is a particular case of some known generalization or law. 

Ii. A check by the method of item 0 above. 

C. If the check is a valid one and fails to substantiate A, then: 

I). Further alternation of postulate and check until a postulate stands 
up, or time or the investigator’s imagination tails. 

8 . The report is a record of the facts, of the analysis of them, and 
of the conclusions reached. Its form is important. 

A good technical report presents the facts in as concise a form as is 
consistent with precision and completeness. The test of whether the 
statement fulfils these conditions is whether one suitably skilled could 
reproduce the facts by following the description. Comprehension is 
normally aided by grouping the facts according to kinds rather than 
chronologically, unless the time sequence has definite causative 
character. 

The worth-while conclusions from the facts have been reached as the 
result of an analytic process which may have been haphazard or more 
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or less orderly, according to the experience and good fortune of the 
analyst, but which rarely is as orderly and logical as it can be presented 
in retrospect. Since logical presentation is normally an aid to under¬ 
standing and acceptance, the retrospect view should be the one followed, 
even though it may require several rearrangements and rewritings. 

Conclusions can usually be stated in a few short sentences. With 
an experienced writer (who is not also a skilled psychologist) their 
position is frequently a measure of the strength of his conviction, 
occupying the first page when he is sure of them, and summarized on 
the last when he has felt it necessary to lead up to them gently. 

The relative proportions of these three parts of a report often con¬ 
stitute a preliminary yardstick of its worth. If the running inches of 
occupied page sort out thus 

| F \A\C\ 

where F denotes fact, A argument, and C conclusion, the report is 
almost certainly a poor one, and the chances are that the A really 
denotes assertion rather than argument. The real conclusion to such a 
report, whether stated or not, is probably “I don’t know.” The report 
that graphs 

I F\ A 1C| 

has the earmarks of a good one, provided the A does not stand for wind. 

9. The words in which the report is couched should be chosen for 
their precision, correctly spelled, grammatically used, and, so far as 
possible, informatively arranged. The people who pay for engineering 
reports and their delegates are usually more than normally literate. 
They are accustomed to the use of the written word for carrying on a 
large part of their business. Their reaction to its misuse ranges from 
the pitying, “Too bad X can’t say what he wants to; he’s a good man 
otherwise,” to the scornful, “The damn fool can’t even spell.” 

10. Illustrations can save words and aid comprehension, but they 
can’t talk with precision. Hence if concomitance or its reverse is to be 
demonstrated, a graph or a scatter of points, respectively, is time-saving 
and effective, but if a critical value is to be presented the number itself 
is best. Any graph or other illustration should tell its own story with 
the aid of a short title and a brief and readily interpretable legend. 
Otherwise, although it may save words to the initiated, it serves to 
confuse rather than to aid others. As a general rule, don’t use an 
illustration if words or numbers will serve as well, even though it might 
conceivably save some space. The greater precision possible with the 
words and numbers is worth the time and space. 
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If illustrations are used, always, if possible, place them where they are 
visible while the text discussing them is being read. 

11. Proofread completely and carefully before signing, both for 
technical content and for English. Your signature signifies your voucher 
for what precedes it. Date your signature with a pen at the time you 

S,g 12. Bind securely in such a way that all typescript is readily visible. 
Place a neat and accurately descriptive title on the outside of the front 

cover. 

TO INSTRUCTORS 

A student report, carefully and conscientiously written, is deserving 
of equal care and consideration in the reading. It should be graded 
severely, since only thus can the average student be made to react to the 
teaching, but the criticism should be as detailed and informative as lies 
within the instructor’s capacity. If a conscientious student of average 
capacity or better, suitably prepared for a course, fails it without 
extenuating circumstances, it is the instructor’s fault; if he passes 
without creditable performance, the instructor is a coward. 
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Abstraction test, activators, 2G3 
collectors, 251, 253 
correlation with contact angles, 253 
Acceleration in free-settling, 8G 
intermediate range, 92 
Newton range, 88 
quartz spheres, 91, 92 
Stokes range, 8G 
with initial velocities, 93 
Acetylene, 239 
Acid, acetic, 240, 241 
cupric, 241 
fish-oil, 473 
formic, 241 
lauric, 241 
margaric, 241 
myristic, 241 
oenanthic, 241 
oleic, 240 
palmitic, 241 
stearic, 241 
xanthic, 241 
Acid circuits, 2G7 

Acids, see also Carboxylic, Dithiocar- 
bamic, Dithiophosplioric, Fatty, 
Naphthenic, Organic, Resin acids 
as gangue depressants, 280, 281 
Activation, 2G3 

mass-action effects, 2G5 
see also Conditioning, Oxidation, 
Scuffing, Surface opening 
Adam, N. K., 304 
Adhesion, work of, 291 
Adsorption, definition, 293 
see also Gas adsorption 
Aeration, 247, 307, 314 
by agitation, 307 
by blower, 309 
by cascading, 314 
by internal pump, 312 
by precipitation, 297-301, 547, 548 
Aerofioat, 242, 258 
Agglomerate tabling, 31G, 473, 474 


Aggregate, see Concrete-aggregate plants 
Agitair flotation machine, 312 
Agitation, aeration by, see Aeration 
Agitation-froth flotation, see Flotation 
processes 

Agreement, canon of, 574 
Air, definition, 248 
density, 132 
viscosity, 132 

Air classifier, 123, 472, 484, 493; see also 
Cyclone 
Air jig, 494 
Air sweeping, 308, 310 
Air table, 230 

Air-pulsated jig, 201; see also Baum 

• • 

Jig 

Albumin, 278 

Alcohol, 243 

Alcohol sulphates, 259 

Alicyclic, definition, 239 

Aliphatic, definition, 238 

Alkane, 23G 

Alkene, 238 

Alkync, 239 

Ai-lbn, H. F., 84 

Allen cone, 109 

Alum, 15G, 324 

Amalgam trap, 33G, .*>05 

Amalgamating barrel, 336, 505 

Amalgamating plate, 335, 505 

Amalgamation, 5, 334, 504, .>05 

American filter, sec Filter, vacuum 

American Zinc Co., 318 

Amine, 242 

collector coating by, 254, 2GG 
contact angles, 254 
utility, 258, 473 
Amino group, 242 
Amortization, xiv 
Anaconda Copper Co., 319 
Analysis of experimental data, 573 
Analytic thinking, 574 
Anthracene, 239 
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Anthracite, breaker, see Anthracite, 
preparation 
domestic sizes, 479 
early concentration, 480 
flotation reagents, 249 
hand jigging, 534 
preparation, 479-481 
prices, 480 
properties, 473 
rank, 475 
steam sizes, 479 
Apatite, activation, 264 
collector coating, 253 
see also Pebble phosphate 
Apron conveyor, 439 
Apron feeder, 445 
Apron plate, 335 
Arbiter, N., 262 
Area principle, 107, 149, 156 
Aromatic, definition, 239 
Arsenate ion, 279 
Aryl, definition, 239 
Asbestos concentration, 339 
Assay, xiii 
definition, 8 
Average size, 355, 429 

Baker, D. L., 262 
Ball mill, 392, 416 
experiment, 568, 571 
see also Tumbling mill 
Ball segregation, 411 
Ball-race mill, 426 
Bankoff, S. G., 283 
Barite, collector coating, 265 
concentration, 339, 497 
Barrel amalgamation, 336, 504 
Barsky, G., 283 

Batch to continuous operation, xiii, 227 

Batea, 223 

Battery plate, 335 

Baum jig, 201, 477 

Belt conveyor, 435 

Benzene, 239 

Biemuller, J., 354 

Bin, 7, 448 

Bitzer, E. C., 184 

Bituminous coal, 473 

Chance-cone washery, 478 

flotation reagents, 248 I < 


Bituminous coal, jig washery, 477 
preparation, 339, 477, 478 
rank, 475 

Rheolaveur washery, 478 
Blake jaw crusher, 342 
Blanket table, 212, 504 
Blending, 34, 471, 484 
Blood, dried, 278 
Bond, see Chemical bond 
Bond, F. C., 365, 433 
Bone, 475 
Born, M., 354 
Bowl-rake classifier, 148 
Bradford breaker, 24, 477, 478 
Breaking rock, methods, 341 
Bridgman, P. W., 68 
Brownian movement, 155, 279, 280 
Brunauer, S., 365 
Bryden, C. L., 43 
Bubble attachment, 247, 284 
coursing-bubble hypothesis, 300 
experiments, 546, 561 
methods of effecting, 297 
to natural solid hydrocarbons, 248 
to untreated minerals, 248 
Bubble machine, 284, 546 
Bubble-particle forces, 292 
Bucket elevator, 440 
Bucking board, 388 
Buckingham, E., 68 
Buddie, 210, 501 
Buhr mill, 389 
Bulk-oil flotation, 336 
Bull jig, 205 

Bunker Hill & Sullivan Mining Co., 318 
Butane, 236 
Butene, 238 
Butylene, 238 

Calcining, 340, 470, 472, 484, 487, 497, 
502 

Calcite, activation, 264 
collector coating, 253 
dispersion, 280 
slime coating by, 265 
Calcium ion, activation by, 255, 281 
removal, 323 
Caldecott cone, 108 
Callow flotation cell, 309 
Canons for data analysis, 574 
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Canvas table, 210 

Capacity, see under specific machines 
Capillary-rise equation, 288 
Captive bubble, 284 

experiments with, 546, 549 
Carbonate ion, depressant, 269 
dispersant, 279, 280 
Carboxyl group, 240 
Carboxylic acid, 240 
Carcass, belt, 436 
Cascading, in flotation, 314 
in tumbling mills, 403 
Casein, 278 

Cassiterite, activation, 267 
Castleman function, 79 
Cataracting, 404 

Cattermole process, see Oil granulation 

Cause and effect, 573 

Cement, 483-485 

Cement retarder, 472 

Centrifugal classifier, 161, 477, 484 

Centrifugal coefficient, 103, 121 

Centrifugal dewatering, 477, 478 

Centrifugal settling, 101, 121 

Cetyl trimethyl ammonium ion, 253 

Chain feeder, 443 

Chalcocite, collector coating, 253 

Chalk, concentration, 340 

Chance cone, 478, 480 

Chemical bond, 235 

Chemical properties in separation, xii, xiii 
Chromite concentration, 497 
Chute, 435 

Circuit, closed, 381, 382 
crushing, 380 
grinding, 419 
Circulating load, 382, 384 
Clarification, 100 
Classification, 105 
Classified feed, 129 
Classifier, free-settling, 128 
hindered-settling hydraulic, 145, 524, 
525 

hydraulic, 128, 145 
mechanical, 140 
experiment, 571 
for sink-float separation, 174 
washing with, 470, 471, 474, 479, 481, 
482 

Classifier efficiency, 151 


Clayey slimes in flotation, 280, 281 
Clays, concentration, 340 
Cleaning, definition, 317 
Cleanliness in captive-bubble testing, 549 
Clevenger, G. H., 167 
Climax Molybdenum Co., 503 
Closed circuit, see Circuit 
Coal, crushing, 374 
economic factors, 476 
flotation, 248 
impurities, 475 
jigs, 201 

preparation, 477—181 
rank, 473 
raw, 476 

sink-float preparation, 180 
see also Anthracite, Bituminous coal 
Cobalt ores, concentration, 499 
Cobbing, 496 
Coco-oil soap, 495 
Coe, H. S., 167 
Cog iii ll, W. H., 433 
Collection in flotation, 240, 246 
critical time, 267 
experiments, 542 
Collector, 240, 248 
chemical stability, 259 
choice, 257 

contact-angle testing, 258, 546 
precipitation testing, 258 
quantity required, 260 
soluble, 250 
specifications, 258 
specificity, 258 
strength, 259 
types, 248 

Collector coating, and solubility product, 
252 

mobility, 285 
multilayer, 255 
orientation, 253 
per cent coverage, 256 
solubility in brines, 255 
thickness, 253 
with oil, see Oil coating 
Comminution, xi 
selective, xi 

Compartment mill, 407 
Competitive position, xiv 
Complex ores, see Ore 
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Compositing, 448 

Concentrate values, 469, 478, 487, 499 
Concentrating stage, 7, 202, 316, 467 
Concentration, xii, 4 
bases, xii 

by calcination, see Calcining 
by classifier washing, 470, 471, 474, 
480-483, 486, 490, 497, 498, 502 
by drying, 478, 495, 498 
by filtration, 494 

by flotation, 474, 484, 488-493, 495, 

497, 503-505 

by gravity concentration, 477-483, 
489—492, 494, 496, 498, 500-502, 
504 

by magnetic separation, 483, 485, 486, 

498, 500, 502 

by screening, 470, 471, 474, 477-480, 
482, 483, 485, 486, 494, 498, 500, 
503, 504 
by size, xii 
criterion, 168, 476 
limitations, xiii, 7 

Concomitant variations, canon of, 574 
Concrete-aggregate plants, 470 
Concretionary minerals, separation, 4, 
473 

Conditioning, 247, 323 
experiments, 542 

see also Activation, Depression, Dis¬ 
persion of gangue minerals, Oxi¬ 
dation, Scuffing, Slime coating 
Conductor, 61 
Cone crusher, 367 
Conical mill, 405 
Coning-and-quartering, 453, 512 
Consolidation in thickening, 157 
Constant-weight feeder, 446 
Contact angle, 284 
amine, 254 

development phenomena, 285 
equilibrium, 550 
interfaces, 285 
mechanism, 290 
oil-mineral, 249 
oleate, 274 
stable, 256 
testing, 284, 546 
vs. collector concentration, 256 
vs. hydrocarbon-bearing ion, 253 


Contact angle, xanthate, 253 
Continuous operation, 
significance, xiii, 227 
Control, mill, xiv, 433, 443 
Conveyor, 435 
Cooling, 484, 494, 497 
Copper, metallic, collector coating, 253 
Copper ion, activator, 263, 264 
Copper sulphides, depression, 277 
flowsheets, 488 
ores of, 463 
oxidation of, 271 
Corrosion in tumbling mills, 410 
Cost, comminution, xii 
crushing, 463, 469-472 
flotation, 331, 463 
grinding, 392, 425, 463 
hand picking, 12 
items of, xiv 
screen washing, 469 
screening, 25, 28, 463, 469 
Costs, significance, xiii 
Coulomb’s law of electrostatic attrac¬ 
tion, 64 

Cox, A. B., 283 
Cresol, 243 

distribution in flotation products, 250 
see also Frothing agents 
Criner, H. E., 184 

Critical cyanide-ion concentration, 275 
Critical line, 20 
Critical pH value, 272 
Critical speed, 23, 398 
Critical-size material, 19 
Crockett magnetic separator, 57 
Crushed stone, 470, 471 
Crusher, construction, 345 
force multiplication, 343 
see also specific crushers 
Crusher products, size distribution, 351, 
361, 369, 374 

Crushers, see also specific types 
for soft rocks, 361, 363, 470 
Crushing, choke, 373 
efficiency, xiii, 353 
free, 373 

graded, 470, 480, 483, 502 
moisture effects, 351 
primary, 341 
secondary, 366 
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Crystallization in separation, xiii 
Cuprous ethyl xanthate, solubility, 2C4 
Cyanidation, 505 

Cyanide ion, critical concentration, 275 
depressant, 208, 273, 277 
dispersant, 280 

Cyanide-metal complex ions, 208 
Cyanides of heavy metals, 250 
Cycloalkanes, 239 
Cycloalkenes, 239 
Cyclone, 110 
design, 122 
dry, 110 

fluid flow in, 110 
high-velocity, 124 
particle movement in, 120, 127 
separating size, 122 
sink-float in, 180 
wet, 125 

Dahlstrom, D. A., 134, 184 
Daugherty, 11. L., 134 
Davis, E. W., 08 
Decrepitation, 339 
Degering, E. F., 245 
DEL Giudice, G. It. M., x, 283 
Density, of various fluids, 70, 132, 109 
mineral classes, 108 
pulp, 130, 140 
Dent, B. i\I., 354 
Denver flotation machine, 312 
Depressants, 208 
Depression, 203, 267 

by destruction of collector coatings, 
277 

by mechanical blocking, 277 
by oxidation control, 270 
by preventing activation, 208 
by surface closure, 271 
in noninetallic flotation, 281 
of ganguc minerals, 279 
Desliming, 108, 128, 140 
for flotation, 206, 474, 497 
Desliming tanks, 108 

nee a Iso Mechanical classifiers 
DeVanky, F. JX, 107 
Dewatering, 35 

centrifugal, 477, 478, 494 
drag, 477, 478, 492, 494 
filter, 478, sec also Filtration 


Dewatering, thickener, 107, 152, 478 
see also Centrifugal classifier, Drag 
classifier, Thickening 
Diameter, average, see Average size 
Diamond concentration, 4, 337, 500 
Diamond pan, 500 
Diaphragm jig, 201 
Dichromate ion, depression by, 277 
Dickey, G. D., 43 
Dielectric, 01 
Dielectric constant, 63 
Diethyl dithiophosphate, abstraction 
tests, 253 

Difference, canon of, 574 
Differential flotation, 491, 492, 495 
p-Diliydroxy diphenyl thiourea, 253, 279 
Dilution, 141 

Dimensional analysis, 45, 73, 78 
Diphenyl thiourea, 253 
Disk pulverizer, 390 
Dispersion of gangue minerals, 279 
Distillation, 503 
Distributor, pulp, 448 
Dithiocarbamic acids, 242 
Dithiocarbonic acids, 241 
Dithiophosphoric acids, 242 
Dodge crusher, 345 
Dolomite, clinkering, 470 
crushing and sizing, 409 
Double bond, 238 

Drag classifier, 147, 474, 478,479,492,494 
Drag coefficient, 72, 77 
Dredging, 500, 504 
Drier, sec Concentration by drying 
Dkiessen, M. G., 134, 184 
Drilling mud, barite for, 497 
Drum feeder, 440 
Dry grinding, 388, 425, 472, 484 
Dry pump, sec Fullcr-Kinyon pump 
Drying, xiii; sec also Concentration by 
drying 

du Noiiy balance, 290 
Dupr<5 equation, 291 

Dust collector, see Cyclone, Filter, dry 
Dyer, F. C., 433 

Efficiency, xiii 

of machines, see under specific machines 
Kgiileu, C. E., 10 
Kicosane, 237 
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Eiffel, G., 84 
Electric ear, 418 

Electrical concentration, xii, xiii, 44, 483- 
502 

Electromagnet, alternating-current, 60 
Electrostatic separation, 61, 499 
Electrostatic separators, 64 
Elevator, pulp, 440 
Elutriation, 432 
Emmett, T. H., 365 
Ephraim, F., 262, 283 
Equation, complete, 45 
Esiibach, O. W., 134 
Ethane, 235 
Ethene, 238 

Ethyl xanthate, see Xanthate 
Ethylene, 238 
Eustice, J., 134 

Experimental-sphere curve, Castleman 
form, 79, 99 
standard form, 76 
vs. mineral fragments, 70 
Experiments, 509-572 
Explanation in analysis, 575 

Fabric, belt, 436 

Fagergren flotation machine, 312, 313 
Fahrenwald classifier, 146 
Fahrenwald flotation machine, 312, 313 
Fatty acid, 240, 473 

collector for halite, 255 
normal, table, 241 
solubility, 241 
utility as collector, 259 
Feed rate, steadiness of, xiii 
Feeders, 443 
liquid, 443 

Ferric hydroxide, 272, 273 
Fertilizer production, 470, 472, 474, 487, 
495 

Fieser, L. F., and Mary, 245 
Film concentrators, 208 
Film sizing, 209 
Filter, dry, 41 
vacuum, 38 
Filter fabrics, 37 
Filtration, 36 
Fine crushers, 341 
Fish-oil fatty acids, 473 
Fitt, T. C., 283 


Floatable minerals, 246, 248 
Floe, 153 

Flocculating agents, 156 
Flocculation, 153, 279 
Flotation, 4, 234 

collection in, see Collection in flota¬ 
tion, Collector, Collector coating 
conditioning in, see Activation, Con¬ 
ditioning, Depression 
control, 330 
definition, 246 
effect of lubricants, 322 
effect of mining practices, 322 
elements of, see Aeration, Bubble 
attachment. Collection in flota¬ 
tion, Conditioning, Frothing 
feed rate, 324 
frothing, see Frothing 
gas introduction, see Aeration 
importance of grinding circuit, 324 
importance of pulp environment, 267 
introductory experiment, 540 
levitation in, see Bubble attachment 
liberation for, 327 

methods involving gas precipitation, 
299, 548 

of inert minerals, 248, 493, 502 
of rocky minerals, 253, 473, 484, 491, 
495, 497 

of sulphide minerals, 250, 488-492, 502 
of water-soluble minerals, 255, 495 
operation, 322 
operators, 331 
organic chemicals in, 234 
oxidation in, see Oxidation 
particle size, 324—327, 330 
pH control, 330 
pulp density, 330 
selection, 247, 263 
slime treatment, 328 
steps in operation, 246 
temperature, 330 
time-factor, 329 
unintentional additives, 322 
water supply, 323 
Flotation froth, 292 
Flotation machines, 305 

agitation-froth type, 305, 306 
bubble-column type, 305, 308 
cascade, 308, 314 
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Flotation machines, experiments, 560 
inatless, 315 

pneumatic, 308—311, 315 
sand transport in, 326 
subaeration, 312 

Flotation processes, agitation froth, 300, 
305, 311 
boiling, 299, 548 
bubble-column, 301, 309, 561 
bulk-oil, 336 

chemical-generation, 299, 548 
vacuum, 299, 547 
see also Flotation machines 
Flotation reagents, see also Activation, 
Collection in flotation, Condi¬ 
tioning, Depressants, Frothing 
agents 
feeding, 331 

statement of quantities, 247 
Flotation routings, 305, 318 
concentrate-middling flow, 306 
rougher-cleaner flow, 306, 317 
rougher-scavenger flow, 306, 317 
Flotation stages, 317 
Flotation testing, cleanliness in, 549 
Flow of fluids, sec Fluid flow 
Flowsheet, definition, 7 
old-style, 6 

segregated form, 59, 464 
shorthand, 35, 465 
conventions, 468 

significance of pattern, 168-472, 480, 
481, 489, 507 
symbols, 466 

Flowsheets, 462; for flowsheets for specific 
ores see under the valuable con¬ 
stituent 

determining factors, 462 
economic grouping, 469, 478, 487, 499 
presentation, 163 
Fluid flow, 80 

Fluid resistance, sec Resistance, fluid 
Fluorite, concentration, 339, 191 
Fluxstonc, 470 
Forced vortex, 1 14 

Forces in crushing machines, sec specific 
machines 

Forrester flotation machine, 315 
Francis, A. \\\, 84 
Fraser, T. It., 134, 181 


Free-settling, 69, 86, 106 

acceleration in, see Acceleration in 
free-settling 
commercial, 106 
definition, 69, 82 
in ore dressing, 82 
of minerals, 71 

resistance, Newton’s development, 71 
Stokes’s equation, 73 
velocity, 70, 72, 76, 77, 79 
wall effects, 82 
Free vortex, 112 

Froth stability, effect of solids, 296 
Frothing, 247, 292 

adsorption of reagents, 293 
bubble sizes, 247 
definition, 292 
experiments, 557 

Frothing agents, 250, 293, 294, 296 
Frothing mechanism, 294 
Fuller-Kinyon pump, 442 
Fuson, It, C., 245 

Galena, depression, 277 
dispersion, 279 

flotation, 249, 270; sec also Lead 
entries , Lead-zinc 
solubility, 252 
Ganguc, depression, 279 
dispersion, 279 
Gape, crusher, 345 
Gaums, W. I., 433 
Garms ratio, 424 

Garnet concentration, 193, 498, 522 
Gas, adsorption for determination of sur¬ 
face area, 430 

introduction in flotation, sec Aeration 
precipitation, 297, 298, 548 
( »ns-liquid interfaced phenomena, 285,553 
Gai uin, A. M., x, 13, 261, 283, 304 
Gaudin function, 34 
Geer, M. K. t 134, 181 
Gelatin, 278 
(iiant- rolls, 362 
Ginns, \\\, 304 

Gibbs adsorption equation, 293 
Giese, F. F., 131, 184 
Glass sand, preparation, 485, 186 
Geasstone, S., 301 
Glue, 277 
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Gold, concentration, 504 
Goldstein, S., 84 
Gow, A. M., 433 

Graded crushing, 470, 480, 483, 502 
Granulation, see Oil granulation 
Graphical integration, 97 
Graphite, concentration, 493 
depression, 278 
flotation reagents, 248 
Grate mill, 40G 
Gravel plant., 35, 471 
Gravity concentration, xii, 4, 105, 168 
forces acting, 105 
hand methods, 532 
Gravity separation, 105 
Gravity stamp, 379 
Grease table, 5, 337, 506 
Grimsehl, E., 68, 84 
Grinding, 388; see also Tumbling mill 
chemical reaction in, 328 
dry, 425 

effects on flotation, 324, 392 
Grinding amalgamator, 336 
Grinding balls, 410 
Grinding circuits, 419 
Grizzly, basis of size separation, 430 
cantilever, 21 
fixed, 20 

roll, 22, 487, 491, 497 
vibrating, 22 
Gross, J., 365 
Ground storage, 471 
Guggenheim, M., 433 
Gypsum preparation, 472 
Gyratory, cone-type, 367 
Gyratory crusher, 357 

Half-size material, 19 
Halite, flotation, 255, 495 
underground leaching, 339 
Hammer mill, 375, 420, 470, 472, 477, 484 
Hammett, L. P., 262, 283 
Hand jigging, 198, 534 
Hand picking, xii, 4, 11 
economics, 13 
experiments, 517 

in mills, 478-482, 487, 492, 496, 501, 
503 

Hand sampling, 452, 511 
Hannan, W. S., Jr., 304 


Harz jig, 200 

Hassialis, M. D., x, 68, 320 
Haultain, H. E. T., 433 
Heating, concentration by, 340 
Heavy liquids, 169 

Heavy media, 177, 180; see also Quick¬ 
sand 

Heptane, 237 
Hexane, 237 
Hindered-settling, 135 
experiments, 524, 525 
Hindered-settling classifier, 145 
as a concentrator, 474 
Hodgman, C. D., 245 
Holland crusher, New, 362 
Homologous series, 236 
Ilomologue, 236 

Hoover, H. C., and L. H., 10, 16 
Humphreys Gold Corp., 499 
Humphreys spiral, 212, 316, 499 
Hydraulic classification, 489 
experiments, 524 
see also Classifier, hydraulic 
Hydraulic water, 128 
Hydraulicking, 1 

Ilydrocarbon-oil coating, see Oil coating 
Hydrocarbons, 235 

solids, attachment of bubbles to, 248 
Hydrogen ion, removal, 322 
Hydroscillator, 149 
Hydroseal pump, 441 
Ilydrotator, 159, 480 
Hydroxyl ion, depressant, 271 
dispersant, 280 
IIyer, J. \V., 184 

Idlers, conveyor, 438 
Incb, C. R., 283 
Incremental approximation, 96 
Indicator card, screen, 520 
shaking table, 536 
Induction time, 256, 284 
significance, 285 
Instrument control, 434, 458 
Interfacial tension, see Surface tension 
Intermediate range, 78 
acceleration in, 92 
Iodine recovery, 493 
Iron, metallic, activation by, 264 
as a reducing agent, 270 
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Iron ion, activation by, 281 
removal, 324 
Iron ore, 481 

concentration, 339, 340, 482, 483 
Iron oxide slimes, dispersion, 280 
Iron sulphides, depression, 271-273, 276 
oxidation, 271 

Iron-cyanide complexes as depressants, 
274 

Isobutane, 236 
Isobutylene, 238 
Isomer, 236 
Isomerism, 236 

Jaw crusher, 342 
capacity, 350, 564 
experiments, 562 
force multiplication in, 343 
Jaw plates, curved, 359 
Jet-grinding mill, 426 
Jig, applicability, 205 
capacity, 205 
compnrtmcntation, 202 
concentrating stages in, 202 
cup discharge, 199 
fixed-sieve, 185, 200 
hutch making in, 197 
movable-sieve, 185, 195, 199 
operation, 202 
Jig bed, action, 185 
Jig suction, 200 
Jigging, 185 
dry, 494 
hand, 534 

Johnson, II. B., 68 

K and K flotation machine, 316 
Kemxjoo, II. II., 262 
Kiln, 472, 484, 487 
Knobbed-roll crusher, 498 
Knoi.l, A. F., 262 
Kkaemer, E. O., 356 
Kraut flotation machine, 316 
Kue-ken crusher, 315 

Laboratory experiments, 509 
Laboratory instruction, 509 
Laboratory notebook, 509 

Ladenbero, R., 81 

Lapple, C. E., 104, 134 


Launder, 435 
Launder classifier, 129 
Laurylamine hydrochloride, 254, 473 
Leaching, 339, 494, 495, 496 
Lead ethyl xanthate, solubility, 252 
Lead ion, activator, 255, 269 
Lead sulphide ore, flowsheet, 489 
Lead-zinc complex ore, flowsheet, 491 
Leunard-Jo.nes, J. E., 354 
Level control, 449 
Levine, N. M., 283 
Levine, S., 167 
Liberation, 327 
Lime, 323 
burning, 487 
Limiting size, 5 
Liners, see Tumbling mill 
Liquation, 339, 495 
Ixig washer, 474, 482, 483, 486, 496 

Macintosh flotation cell, 312 
Maeser, R. W., 184 
Magnesium ion, removal, 322 
Magnetic attractability, table, 53 
Magnetic roasting, 58 
Magnetic separation, 44 
experiments, 521 
see also Concentration 
Magnetic separator, elements, 54 
Magnetism, 44 

Magnetite, concentration, 4, 59, 483 
Manganese ores, concentration, 340, 496, 
497 

Massive sulphide ores, 270, 271 
Matahambre, Minas de, 318 
Material balance, 250, 251 
Mat less flotation cell, 315 
Mean particle sizes, 431 
Mechanical mining, 476 
Mechanical picking, 479 
Melting in separation, xiii. 495 
Menzies cone, 180, 479 
Mercaptan, 242 

Mercury ion, activation by, 264 
Mercury ores, concentration, 502 
Merrick, Weightometer, 455 
Mesh, 29, 30 

Metallurgical balance sheet, 3, 9 
Methane, 235 
Methyl hexanes, 238 
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Methyl propene, 238 
Miami Copper Co., 319 
Mica, depression, 278 
Micronizer, 426 

Microscopic determination of particle 
size, 430 
Middling, xiii, 7 

function of, experiment, 538 
Mill efficiency, xiii 

Mill performance, expression of, xiii, 7 
Millikan, II. A., 84, 104 
Minas de Matahambre, 318 
Mineral-separating machine, definition, 5 
Mineral separation, bases of, 3 
Mineralogical analysis, 458 
Minerals Separation subaeration ma¬ 
chine, 313 

Miner’s pan, 222, 504 
Mixing, 448, 471, 472 
Molybdenite, depression, 278 
differential flotation, 277 
flotation reagents, 248 
Molybdenum ores, concentration, 502 
Monomolecular layers, at air-water inter¬ 
face, 557 

at collector-coated surfaces, 254 
Mono-olefin series, 238 
Mouth of a crusher, 345 
Munroe, H. S., 84 
Murex process, 338 
Musa, II., 1G7 
Myers, C. G., 262 
Myers, J. F., x, 283 

Naphthalene, 239 
Naphthenes, 239 

Naphthenic acids as collectors, 255 
Native metals, activation, 266 
Natural feed, 132 
New Holland crusher, 362 
Newton, I., 84 

Newton fluid-resistance equation, 71 
Newton range, 77, 80 
acceleration in, 88 
Nickel ores, concentration, 499 
Nip angle, 348, 371 
Nitrate preparation, 493 
Nonmetallic flotation, 474, 484, 492, 495 
Nonmetallic minerals, activation, 264, 
281 


Nonmetallic minerals, depression, 279 
salt-type, collectors for, 259 
Normal compound, 236 

Oil, minerals coated by, 248 
Oil coating, contact angles, 255 
mechanism of, 249, 255 
of collector-coated surfaces, 255 
Oil flotation, 493 
Oil granulation, 337 
Oil-water interface, experiment, 549 
Oiling by smearing, experiment, 547 
Oily collectors, see Oil coating 
Oleate ion, abstraction tests, 253 
Oliver filter, see Filter, vacuum 
Open circuit, 380 
Open-end mill, 406 
Optical differences in separation, xii 
Ore, complex, 2 
definition, 1 
steps in exploitation, 2 
Ore dressing, definition, 1 
economic significance, 2 
Organic acids, 240 
solubility, 241 

Organic colloids as depressants, 277 
Organic compounds, definition, 234 
Orientation in sedimentation, 72, 

74 

Oseen, C. W., 85 
Oxidation, by air blowing, 271 

in sulphide flotation, 251, 264, 269, 
322 

Oxidized ores, activation, 264 
Oyster shell, washing, 339 

Paddle jig, 201 
Pan, miner’s, 222, 504 
Pan amalgamation, 505 
Pan convei’or, 439 
Panning, 504 
experiment, 532 
flowsheet, 224 
Paraffin, 236 
Particle size, 430, 431 
Pebble mill, 392 

Pebble phosphate, concentration, 339, 
463, 473 
Pentane, 237 

I Per cent solids, equations, 166, 167 
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Percolation determination of surface 
area, 430 

Perforated plate, 28 

Performance data, see under specific 
machines and processes 
Permeability, magnetic, 4G 
Pernolet, V., 85 
Perry, O. H., 43 
Petrological analysis, 458 
pH control, 271 
Phenols, 243 

Phosphate, see Pebble phosphate 
Phosphate ion, dispersant, 280 
Physical properties in separation, xii 
Pickers, 338 
Picking, hand, 11 
mechanical, 338 
Piret, E. L., 3G5 
Pitot tube, 120 
Placer, 1, 105 
Planilla, 208 
Plante, E. C., 283 
Plaster, 472 
Plasticity, 137 

Plate amalgamation, 335, 505 
Platinum, concentration, 504 
Pocket amalgamator, 33G 
Poiseuille’s law, 37 
Polarization, electrostatic, G3 
Polymethylenes, 239 
Potash recovery, 495 
Power, selling practice, 434 

consumption, see under specific ma¬ 
chines and processes 
Preparedness, xiv 
Primary crushers, 341 
choice, 3G1 
Propane, 23G 
Propene, 238 
Propylene, 238 
Pulley feeder, 446 
Pulp, density, 130, 140 

equations, 13G, 140, 1GG, 1G7 
transport, 8, 434 
Pulsator jig, 201 
Pumice, treatment of, 310 
Pumps, sand, 441 
Pyrite, activation, 264, 271 
collection, 253 

depression, 271, 272, 273, 27G 


Quality control, 449 
statistical, 460 
Quartz, activation, 2G4 
collectors for, 259 
depression, 279 
dispersion, 280 
Quebracho, 278 
Quicksand, dilation, 137, 140 
effect of grain shape, 140, 144 
effect of particle size, 140, 144 
energy relations, 141 
experiments with, 137, 1G5, 528 
falling velocity in, 170 
flow of, 143 
for sink-float, 170 
friction in, 142, 144 
interstitial velocity, 142, 166 
particle spacing, 166 
penetration of, 145, 171 
pressures in, 137, 138 
resistance, 145, 171 
volumetric fractions, 143, 166 
weight fractions, 166 

Radical, definition, 237 
Ragging, 197 
Rake classifier, 147 
Rammler, E., 43 
Ratio of concentration, 8 
determiners of, 462 
Raymond, R. W., 10 
Recovery, 8 

Recrystallization as a method of con¬ 
centration, xiii, 494, 495 
Reduction gyratory, 470, 471, 484, 501, 
504 

Reduction ratio, 350 
80%, 353 
Reduction ton, 351 

Refractory, magnesium, preparation, 470 
Report writing, 573-577 
Resin acids as collectors, 259 
Resistance, fluid, 71, 73, SI 

shape and orientation effects, 72, 81 
to ultratine particles, 93 
Resurfacing in flotation, 263 
Retorting, 503 

Reversibility, electrostatic, 65 
Revolving-rake classifier, 147 
Revolving round table, 210, 501 
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Reynolds, O., 85 
Reynolds number, 77, 170 
Rheolaveur, 214, 216, 478, 482 
Rhodochrosite, depression, 281 
flotation of, 497 
Riabouchinski, D., 85 
Richards, R. H., 85, 167, 207 
Rickard, T. A., 10 
Riffle, 217 
sampler, 453 

Ring-roll mill, 470, 472, 484 
Rittinger, P. R. von, 207, 365 
Roasting, magnetic, 58 
Roberts, E. J., 167 

Rock breaking, force multiplication, 342, 
343; see also specific crushers 
Rod mill, 392, 415, 470, 488, 490, 492, 
497, 501, 505 

analysis of rod motion, 392 
experiments, 568, 570 
Rods, 410 
Roll feeder, 446 

Roller grizzly, 22, 487, 491, 497 
Roller mills, 425 
Rolls, 369 

experiment, 566 
toothed, 374 
Rosin, P., 43 

Rosin-Rammler function, 34 
Ross chain feeder, 443 
Rotary feeders, 446 
Rotary scrubber, 471, 474, 486, 487 
Roughing, definition, 317 
Round table, revolving, 210, 501 
Rouse, H., 85, 134 

St. Joseph Lead Co., 318 
Sample, cutters, 451 
timers, 451 
weight of, 450 
Sampling, 6, 450, 511 
manual, 452, 511 
time, 384 
Sand tanks, 108 
Sand washing, 470, 471 
Sands, flowsheets, 472, 485, 487 
salability, 471 
Scavenging, definition, 317 
Scheelite, collection, 254 
see also Tungsten ores 


Scouring, 266 
Screen, capacity, 18 
centrifugal, 36 

commercial, general specifications, 17 
definition, 17 
dewatering, 35 
revolving, 23 
shaking, 25 
vibrating, 25 

Screen analysis, see Screen testing 
Screen concentration, see Concentra¬ 
tion 

Screen testing, 32, 457, 515 
Screening, 7, 17 

aperture effects, 18, 19, 20, 28, 430 
efficiency, 20 
experiments, 519 
moisture effects, 19, 29 
motion effects, 17, 18 
surfaces, 28 

trickle stratification in, 18 
Scrubbing, 474, 486, 487 
Scuffing, 266, 498 
Secondary crushers, 341 
Secondary flow, 117 
Sedimentation, definition, 69 
Separating zone, definition, 5 
Separation, xi, xii 

at liquid-liquid interfaces, 334 
based on shape, 338 
by resistance to disintegration, 339 
commercial, xiii 
see also Concentration 
Set, crusher, 345 
Settling pond, 106, 131, 133 
Settling ratio, 82, 526 
Severance, xi, 5, 7 
Shaking concentrators, 222 
Shaking feeders, 446 
Shaking screens, 478 
Shaking table, 225 
decks, 229 
experiment, 536 
flowsheet of, 226 
stratification on, 227 
Shape, in separation, xii 

mathematical expression, 74 
ratio, 353 

Shell, oyster, washing, 339 
Shells, roll, 370 
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Shells, tumbling-mill, 404 
Shelton, F. M., 1G7 
Shepherd, C. B., 104, 134 
Sheridan and Griswold process, 2, 10 
Shorthand flowsheet, construction, 465 
Shovel sampling, 452, 511 
Shut-downs, 434 
Side rite, depression, 281 
Sieve analysis, see Screen testing 
Silicate ion as a dispersant, 279 
Silicates, collectors for, 259 
Silver ion, activation by, 264 
Silver ore, concentration, 503 
Single-roll crusher, 361, 495 
Single-toggle crusher, 345 
Sink vortex, 112 
Sink-float, 168 
experiments, 528 
media, 177, 478, 481 
operation, 178 

plants, 179, 478, 479, 480, 481, 483, 
490, 491, 494 
separators, 172 
Size, average, 355, 429 
blending, 34, 471 

determination, 430; see also Screen 
testing 

in separation, xii 
Size distribution, 32 

relation to method of breaking, 428 
representation, 33 
Sizing, methods, 430 
Sizing analysis, sec Screen testing 
Sledging, 496, 198 
Slime coating, 265 
depression by, 277 
prevention, 266 
removal, 206, 281 
Slime dispersion, 266 
Slimes, effect on collector, 260 
in nonmetallic flotation, 281 
Slotted-screen pickers, 338 
Sloughing-off box, 108 
Sluice, 216 

flowsheet of, 218 
riffles, 217 
transport in, 220 
Sluicing, 501 
Smelting, xiii, 3 
Snyder, II. It., 245 


Soap, brine-soluble, 495 

see also Collection in flotation; Collec¬ 
tor coating; Flotation, effect of 
lubricants; Flotation of rocky 
minerals; Nonmetallic minerals; 
Oleate ion 

Soda ash, see Sodium carbonate 
Sodium carbonate, 266, 269, 279, 323 
Sodium hydroxide, effect on slimes, 266 
Sodium silicate, effect on slimes, 266 
Solubility in separation, xiii, 493-495 
Solubility product, barium sulphate, 543 
copper ethyl xanthatc, 543 
copper sulphides, 264, 543 
ferric ethyl xanthate, 272 
ferric hydroxide, 272 
galena, 252, 543 
lead carbonate, 269 
lead ethyl xanthate, 272, 543 
lead sulphate, 543 
sphalerite, 264, 543 
zinc ethyl xanthatc, 543 
Soluble collectors, 250 
coating reaction, 251 
Sorting, see Hand picking 
Sorting column, 128, 524 
Specific gravity, in separation, xii 
of solid minerals, 168 
Specific resistance, 72 
Spkdden, H. It., 304 
Speed, critical, 23, 398 
Sphalerite, activation, 263, 264 
collection, 253 

depression, 208, 270, 270, 277 
dispersion, 279 
solubility, 264, 543 
Spiral classifier, 147 

Spiral concentrator, see Humphreys spiral 

Spiral picker, 338 

Spiral vortex, 1 12 

Splash plates, 335 

Splitting pulp streams, 447 

Spoduiiicnc, concentration, 339 

Spreading oils, 556 

Square-glass-jar machine, 560 

Stadleh, II., 365 

Stage, concentration, see Concentrating 
stage 

Stage, machine, 467 
Stage addition, 259 
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Stage grinding, 484, 488, 492, 493, 503 

Stamp mill, 379 

Standard 200-mesh sieve, 31 

Star feeder, 446 

Starch, 278 

State in separation, xii, xiii 
Steinour, H. H., 167 
Stern, O., 354 

Stoichiometric balance on a flotatio 
operation, 251 
Stokes, G. G., 85 
Stokes fluid-resistance equation, 73 
Stokes range, 77 
acceleration in, 86 
Storage, 448 
aggregate, 472 
for blending and mixing, 471 
ground, 471 
Strake, 210 
Stream division, 447 
Structural formula, 235 
Subaeration flotation machines, 312 
Subsidence of suspensions, 157 
Sulphates, solubility at sulphide surfaces, 
252 

Sulphide flotation, necessity for oxida¬ 
tion, 251 

Sulphide ion, activation by, 264 
depression by, 252, 264, 276 
Sulphide minerals, collectors, 259 
Sulphite ion, depression by, 276 
Sulphonate collectors, 259 
Sulphur, concentration, 339 
flotation reagents for, 248 
recovery, 495 
Sulphydric collectors, 259 
Sun, S. C., 283 
Sunshine Mining Co., 318 
Superintendence, 459 
Supplies, control of, 459 
Surface, closure, 271 
determination, 430 
in separation, xiii 
opening, 267, 269 
Surface tension, xii, 285 
capillary rise, 288 
definition, 287 
dimensions, 287, 289 
experiments, 553 
familiar manifestations, 285 


Surface tension, measurement, 288 289 
290, 555 

origin of forces, 286 
Surface units, crushing, 355 
Surface-active phenomena, 556 
Surge bins, 449 
Surging, 150 

Suspensions, subsidence, 157 
Sutherland, K. L., 283 
Sutherland, R. L., 134, 184 
Sylvite, 495 
flotation, 255 
Symons cone crusher, 367 


Table, shaking; see Shaking table 
Wilfley, 536 

Table flotation, 316, 473, 474 
Tabling, 489, 492, 494, 498, 500, 501, 
502, 505 
Taconite, 482 

Tailing disposal, 1, 7, 131, 133 
Talc, depression, 278 
Tank classifier, 129 
Tannic acid, 278 
Tantalite, concentration, 500 
Taylor, P. A., 354 
Taylor, T. C., 262 
Teeter column, 135, 141 
Teller, E., 365 
Terpineol, 243 

Test sieves, basis of separation, 430 
Testing sieve, 17, 29 
scale, 30 
operation, 515 
Tetrammonium halides as collectors, 258 
Tetrammonium salts, 242 
Theoretical ribbon, 373 
Thick pulp, 316 
Thickener, 107, 152 
design of, 159 

Thiocresol, abstraction tests, 253 

Thiourea, 242 

Thomas, A. W., 283 

Thought processes, 574 

Three-roll mill, 484 

Throat, crusher, 345 

Throw, crusher, 345 

Time sampling, 384 

Tin ores, concentration, 500, 501 

Tipple, 477 
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Titanium ore, concentration, 497 
Toe of a tumbling load, 391 
Toothed rolls, 374, 477-481 
Trail Ridge plant, 499 
Transport, pulp, xiii, 433 
Treatment method, choice of, xiv 
Trent process, 337 
Trickle stratification, 18, 229 
Tripper, 436 

Trough concentrators, 214 
Trough washer, 214 
Trunnion-overflow mill, 405 
Tube mill, 392, 407, 484 
Tumbling mill, 391 
charge, 410 
control, 418 
critical speed, 398 
design, 422 
discharge height, 412 
energy input, 399 
grinding efficiency, 414 
grinding experiments, 570 
liners, 397, 407 
load, 392 

mechanism of grinding, 403 
movement of tumbling bodies, ex¬ 
periment, 508 
power, 399, 413 
pulp density, 411, 417 
reduction ratios, 417 
shell forms, 405 

size-distribution curves, 417, 428 
steel consumption, 410 
Tungsten ores, concentration, 500 
Turbo flotation machine, 316 
Tyl.br, W. S., Co., 43 
Tyler Standard testing-sieve scale, 30 

Unsaturated bond, 238 

U. S. Smelting, Refining & Mining Co 
319 

Utuh Copper Co., 318 

Value enhancement, by calcining, 472 484 
by chemical change, 484, 487, 503 
by concentration, 474, 477, 478-483 
•185, 486, 488-108, 500-505 
by grinding, 484 

by wizing, 470,477—181,485-487,402 404 
Vandenduro, W. O., 10 


Vanner, 231 

Vanning, experiments, 533 
Vanning plaque, 231 
Vaporization in separation, xiii, 502 
see also Retorting 

Velocity, settling, see Free-settling, 
velocity 

Vibrating feeder, 446 

Viscosity of various fluids, 40, 77, 132 

Volume unit, crushing, 356 

Vortex, 112 

V-tank, 108 

Wadell, H., 85 
Ware, I. W., 283 
Wash ores, 482 

Washing, 339, 470, 471, 474, 477, 478, 482 
bituminous coal, 477, 478 
iron ore, 482 
phosphate, 473 
sand, 486 

Waste disposal, xiv, 1, 7, 131, 133 
Weighing, continuous, 454 
Weightomcter, Merrick, 455 
Weinig flotation machine, 312, 313 
Wells, A. F., 262 
Westgren, A., 85, 104 
Wetherill magnetic separator, 57 
Wettability in separation, xii, xiii 
Whey, 278 

Whitmore, F. C., 245 
Wilfley pump, 441 
Wilfley table, 536 
Wilhelmy balance, 290 
Work of adhesion, 291 
Woven screen, 29 

Xanthate, ethyl, 250 
regeneration, 273 

Xanthate coatings, solubility, 256, 273 
see also Solubility product 
Xanthate ion, abstraction, 253 
distribution in flotation products, 250 

Yancey, H. F., 134, 184 
Yield point, 137 

ZlMMERLE Y, S. R., 305 

Zinc sulphide ore, concentration, 490-492 

Zircon, concentration, 499 
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Mathematical Symbols 

There are not nearly enough characters in the English and Greek alphabets upper 
and lower case combined, to permit assignment in this book of a single significance 
to each. Most play several roles. Definitions of these are in text or figures adjacent 
to first appearances Some play roles that persist through several chapters. These 
are luted below with summary definitions, and designations by a hyphenated chapter- 
equation number of the location of first appearance. When a given letter has more 
than one such definition its significance in a particular equation is identifiable by the 

pnnr/iYf J 


A 

a 

B 

b 

C 

c 

D 

d 

E 

e 

F 

f 

O 

0 

H 

h 

K 

k 

L 

l 

M 

m 

N 


n 

O 


V 


Area, 3—1 
Acceleration, 7—16 
Weight of a blend, 3-5 
Size assay of blend, 3-10 
Weight of concentrate, 1-1 
Assay of concentrate, 1-1 
Drag coefficient, 5-5; Diameter, 
21-1 

Diameter (usually small), 3-2 
Efficiency, 8—19 

2.71828, base of natural loga¬ 
rithms 

Weight of feed, 1-1; Force, 4-1; 

Function of, 8-20’ 

Assay of feed, 1—1; Function of, 
4-1; Coefficient'of friction, 8-08 
Gain, 2-5 ^ 

Gravitational acceleration, 5—1 
Total head, 7-4 
Head, 7—1 

Ratio of concentration, 1-2 
Experimental or proportionality 
coefficient "* • * 

Dimension of length, 4-2a 
Length or distance, 3-2 
Weight of middling, 2-1; Dimen¬ 
sion of mass, 4—2a 
Assay of middling, 2-7; Mass, 5-1 
Reynolds number, 5-12; r.p.m., 
21-4 

Nip angle, 20—2 

Weight of coarser fraction (over¬ 
size), 3-5 

Size assay of coarser fraction, 3-9 
Pressure, 3-15 


Q 

R 


r 

S 

s 

T 


~t 

U 

* 

f u 

V 

v 

W 

w 

Z 

z 

at 

0 

r 

y 

A 

8 

8 

e 


Volume per unit of time, 3-15 
Recovery, 1 - 1 ; Resistance, 5-4; 
Gas constant, 7-11; Reduction 
ratio, 20-11 
Radius, 3—15 

Surface area, 20-14; Weight of 
coarser fraction (sand), 21-12 
Distance, 6—1; Assay of coarser 
fraction, 21—13 

Weight of tailing, 1-3; Dimen¬ 
sion of time, 4-2a; Absolute 
temperature, 7-11; Tons per 
hour, 20-10 

- Assay of tailing, 1-3; Time, 5-3 
Weight of finer fraction (under¬ 
size),.3-5 

Assay of undersize, 3-9 
Volume, 4—2 
Velocity, 5—3 
Weight, »-3; Work, 16-1 
Specific weight, 7-3 
Settling ratio, 5-21 
Potential head, 7—4 

Angular acceleration, 22-3 
Decimal fraction of critical speed, 
22-18 

A pure-number root, 4—3 
Ratio of specific heats, 7-11 
Increment 

Density of solid, 5—2 
Weight density of solid, 8—35 
Decimal fraction of interstitial 
volume, 8-2 
Viscosity, 3-15 
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9 Contact angle, 16-7 

ti. Shape-unit constant, 6-7 

X Dilation, 8-6 

n Permeability, 4-2; Coefficient of 

friction, 20-7 

£ Decimal fraction of water by 
weight, 8-41 
7r 3.1416 

p Density of fluid 

p Weight density of fluid, 8-35 

2 Summation, 20-2 

a Surface tension, 16-1 

r Density of a suspension (pulp), 

8-1 

t Weight density of pulp, 8-35 

0 Orientation factor, 5-10 

\l> Shape factor, 4-2 

O Decimal fraction of solids, 8-38 

u Angular velocity, 7-5 

Subscripts 

C Centrifugal, 6-26 

F Feed, 2-1 

Fr Freight 


Friction, 8-10 
Gas, 16-10 
Gravitational, 5-1 
Horizontal, 6-11; Heavier, 5—21 
Initial, 6-11; Interstitial, 8-1 
Critical, 22-16 
Lighter, 5—21; Liquid, 8-17 
Maximum, terminal, 5—11a 
Newton range 

Limiting aperture of cumulative 
undersize, 3-5 
Pulp, 8-1 
Quicksand, 8-17 
Reduction, 20-10 
Radial, 6-29 
Stokes range, 5-9 
Sphere, 5—6 
Tangential, 6-26 
Vertical, 6-12 
By weight, 8-38 
Water, 8-31 

Decimal fraction of terminal ve¬ 
locity, 6-4 
Sand (solid), 8-1 







